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GENERAL  INTRODUCTION 

Activities  and  progress  are  summarized  for  the  four  years  of  contract  AFOSR 
F49620-78-6-0003,  with  emphasis  primarily  on  fwogress  not  reported  in  the  previous 
annual  reports  and  publications.  The  project  consists  of  four  interrelated  tasks  that 
are  reported  individually  in  this  report  and  described  below. 

Task  I  is  concerned  with  measurement  of  the  characteristics  of  combustion  of 
solid  rocket  propellants  that  are  important  to  motor  combustion  instability.  The 
approach  is  to  adapt  and  apply  the  impedance  tube  method  to  measure  the  dynamic 
response  of  the  combustion  zone  and  product  flow  to  imposed  gas  oscillations 
typical  of  rocket  combustion  chambers.  As  the  methods  were  perfected  they  were 
extended  to  increasingly  more  difficult  measurements  dictated  by  observed  rocket 
motor  instabilities.  In  the  process,  the  experimental  method  and  facility,  and 
supporting  analysis  and  data  reduction  systems,  were  progressively  improved  to 
provide  a  basis  for  routine  measurements  and  for  comparison  with  those  made  by 
other  experimental  methods. 

Task  II  is  concerned  with  external  and  base  burning  as  a  means  for  reducing 
base  drag  or  providing  base  thrust  with  minimum  weight  and  and  volume  demands 
on  the  propulsion  system.  The  investigation  involved  development  of  a  properly 
instrumented  flow  facility  to  simulate  base  flow  of  a  cylindrical  body  with  fuel 
flow  and  combustion  in  the  base  region.  A  series  of  studies  was  carried  out  starting 
with  cold  flow  simulation,  and  progressing  to  increasingly  complex  situations  aimed 
at  clarifying  details  of  the  flow  field  and  efficiently  increasing  the  base  pressure. 
Mach  3  external  flow  and  radial  and  base  injection  was  evaluated,  with  hydrogen 
fuel,  diluted  hydrogen,  and  combustion  pre-heated  hydrogen. 

Task  III  is  concerned  with  achieving  improved  combustion  of  the  aluminum 
ingredient  in  solid  propellant.  The  approach  is  to  clarify  understanding  of  the 
complex  detailed  processes  exhibited  by  aluminum  and  relate  them  to  control  of 
propellant  burning  rate,  combustion  stability,  combustion  efficiency  and  two  phase 
flow  behavior  in  the  motor.  A  series  of  experiments  were  contrived  to  elucidate 
the  microscopic  details  of  aluminum  behavior  and  their  relation  to  microscopic 
details  of  the  propellant,  and  to  behavior  of  the  other  propellant  ingredients. 

Task  IV  is  concerned  with  prediction  of  turbulence-induced  pressure 
fluctuations  in  rocket  motors,  particularly  as  they  pertain  to  production  of 
vibrations  in  the  motor  structure.  The  approach  combines  analytical  developments 


and  cold  !low  experiments,  using  each  as  a  mceuis  to  validate  or  guide  improvement 
of  the  others.  The  analysis  indicates  what  measurements  and  data  analysis  are 
necessary  to  interpret  the  experiments,  and  the  measurements  indicate  the  ability 
of  the  theory  to  predict  the  real  behavior.  The  experiment  involved  development 
of  a  suitable  cold  flow  simulator  for  combustion  chamber  flow,  and  measurement  of 
velocity  and  pressure  fluctuations  at  appropriate  locations. 

The  above  Tasks  are  continuing  under  AFOSR  Contract  No.  FU9620-i2-C- 
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TASK  I 

INVESTIGATION  OF  THE  UNSTEADY  BURNING  CHARACTERISTICS 
OF  SOLID  PROPELLANTS 


A.  Objectives 

This  task  was  generally  concerned  with  the  experimental 
determination  of  the  burn  rate  response  of  different  classes  of  solid  propellants 
under  various  conditions  simulating  those  encountered  in  unstable  solid 
propellant  rocket  motors.  Specifically,  this  task  pursued  the  following  objectives: 

(1)  Adaptation  of  the  impedance  tube  technique  for  the  measurement 
of  the  pressure  coupled  response  of  solid  propellants  under  different 
oscillatory  flow  conditions. 

(2)  Utilization  of  the  developed  impedance  tube  setup  to  determine 
the  pressure  coupled  response  functions  of  aluminized  and  unaluminized 
solid  propellants  under  a  variety  of  oscillatory  flow  conditions. 

(3)  Development  of  an  impedance  tube  experiment  for  the 
determination  of  the  velocity  coupled  response  of  solid  propellants  under 
different  oscillatory  flow  conditions. 

W  Investigation  of  the  feasibility  of  using  piezoelectric  quartz  and 
ceramic  crystals  in  the  direct  meeisurement  of  the  unsteady  burn  rate  of 
solid  propellants. 

8.  Progress  and  Significant  Accomplishments. 

Introduction 

The  detrimental  effects  associated  with  the  occurrence  of 
combustion  instability  are  well  known  and  they  will  not  be  repeated  in  this 
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discussion.  Instead,  the  Importance  of  knowing  the  unsteady  propellant 
burn  rate  under  different  engine  operating  conditions  will  be  briefly 
considered.  The  amplification  of  a  small  a.nplitude  disturbance  in  a 
rocket  combustor  into  combustion  instability  depends  up>on  its  interactions 
with  the  various  engine  processes  that  affect  its  growth  and  decay. 
Interaction  between  a  combustor  disturbance  and  the  combustion 
processes  on  various  portions  of  the  propellant  may  result  in  a  positive 
feedback  leading  to  disturbance  energy  gain  and  amplitude  growth.  In 
contrast,  disturbance  energy  dissipation  by  such  processes  as  viscosity, 
heat  transfer  and  acoustic  radiation  and  convection  through  the  nozzle 
generally  results  in  disturbance  amplitude  decay.  Instability  occurs  when 
the  disturbance  energy  gains  outweigh  the  disturbance  energy  losses  while 
stable  engine  operation  is  assured  when  the  reverse  is  true. 

Since  the  energy  feedback  between  the  combustion  process  and  the 
disturbance  is  responsible  for  the  disturbance  growth,  the  ability  to 
quantitatively  describe  this  feedback  or  interaction  process  in  terms  of 
the  conditions  that  prevail  in  the  rocket  motor  or  experimental  setup  is  of 
utmost  practical  importance.  In  general,  combustion  in  solid  rockets  is 
assumed  to  be  concentrated  at  the  propellant  surface  and  its  effect  upon 
rocket  stability  is  described  by  specifying  the  boundary  condition  at  the 
burning  surface.  When  describing  the  effect  of  the  pressure  oscillations, 
this  boundary  condition  is  expressed  either  as  the  complex  ratio  of  the 
local  burn  rate  perturbation  to  the  local  pressure  oscillation  (i.e.,  the 
propellant  response  function)  or  as  the  complex  ratio  of  the  local  velocity 
perturbation  normal  to  the  propellant  surface  to  the  local  pressure 
perturbation  (i.e.,  the  propellant  admittance).  Similar  boundary  conditions 
are  being  used  to  describe  the  propellant  response  to  a  velocity 
oscillation  parallel  to  its  surface  and  the  resulting  response  function  is 
known  as  the  velocity  coupled  response  function. 

To  evaluate  the  total  amplification  of  a  given  disturbance  in  a 
combustor  the  sum  of  its  interactions  with  various  parts  of  the  burning 
propellant  surface  must  be  evaluated.  To  evaluate  this  sum,  the  nature  of 
the  interaction  of  the  disturbance  with  various  parts  of  the  propellant 
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surface  need  to  be  known.  For  example,  the  propellant  in  an  unstable 
rocket  motor  experiencing  an  axial  instability  of  its  fundamental  mode  is 
exposed  to  regions  of  primarily  velocity  oscillations  (e.g.,  near  the  center 
of  the  motor)  and  regions  that  experience  both  velocity  and  pressure 
oscillations.  The  interactions  between  the  combustion  processes  and  the 
combustor  disturbance  occurring  at  each  of  these  regions  may  be 
fundamentally  different  and,  in  addition,  they  may  depend  upon  the 
frequency,  the  amplitude  of  the  oscillation  and  the  local  operating 
conditions  (i.e.,  the  steady  state  pressure,  velocity,  etc.).  Thus,  it  is  of 
utmost  importance  to  develop  experimental  techniques  that  would  enable 
engineers  to  determine  the  propellant  response  in  terms  of  the  flow 
conditions  near  its  burning  surface. 

The  majority  of  the  experimental  efforts  to  date  have  concentrated 

on  the  measurement  of  the  pressure  coupled  response  of  solid  propellants. 

12  3 

These  efforts  utilized  the  T-burner  '  ,  the  rotating  valve  ,  the  microwave 
It  2  5 

technique  and  the  impedance  tube  *  .  Much  of  what  has  been  done  to 

date  in  this  area  is  reviewed  in  a  paper  by  Levine  and  Andrepont^.  In 

recent  years  some  attention  has  been  given  to  the  development  of 

capabilities  for  determining  the  velocity  coupled  response  of  solid 

propellants.  Notable  among  these  are  the  works  of  Beckstead  et  al^, 
8  9  10 

Micheli  ,  Micci  et  al  and  Brown  et  al  .  Considering  the  importance  of 
having  reliable  propellant  response  data,  it  is  important  that  the  burn  rate 
response  data  generated  by  the  various  measurement  techniques  under  the 
same  conditions  agree  with  one  another. 

In  the  present  study,  the  classical  impedance  tube  technique  has 
been  modified  for  application  in  the  measurements  of  the  pressure  and 
velocity  coupled  response  functions  of  solid  propellants.  In  addition,  the 
feasibility  of  utilizing  crystals  in  the  direct  measurement  of  the  unsteady 
propellant  burn  rate  has  been  investigated.  In  what  follows,  the  major 
accomplishments  under  this  program  are  summarized. 
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Pressure  Coupled  Propellant  Response  Measurements 

This  section  describes  the  application  of  the  impedance  tube 

technique  in  the  measurement  of  the  pressure  coupled  response  of  solid 

propellants.  The  development  of  this  impedance  tube  experiment  had 

11  12 

been  inspired  by  earlier  investigations  '  in  which  the  classical 
impedance  tube  setup  had  been  used  in  the  determination  of  admittances 
of  sound  absorbing  materials.  Impedance  tube  experiments  generally 
consist  of  a  long  tube  with  a  sound  source  at  one  end  and  a  surface  whose 
admittance  is  to  be  measured  at  the  other  end.  The  sound  source  is  used  to 
establish  a  longitudinal  standing  wave  of  a  desired  frequency  in  the  tube. 
The  structure  (i.e.,  amplitude  and  phewe)  of  this  standing  wave  is  affected 
by  the  wave's  interaction  with  the  surface  whose  admittance  is  being 
measured.  The  resulting  standing  wave  structure  is  measured  by  using  one 
or  more  microphones  and  the  measured  data  is  input  into  an  appropriate 
data  reduction  computer  program  to  determine  the  unknown  admittance. 

A  schematic  of  the  impedance  tube  developed  under  this  program 
to  mecisure  the  pressure  coupled  response  of  solid  propellants  is  described 
in  Fig.  1.  The  application  of  this  setup  in  the  measurement  of  the  pressure 
coupled  response  function  involved  the  following  steps: 

(1)  Modification  of  the  classical  impedance  tube  theory  to  account  for 
the  effects  of  a  steady  flow,  steady  state  temperature  gradient  and  gas 
phase  losses  that  are  present  in  the  solid  propellant  experiment.  These 
efforts  are  described  in  detail  in  Refs.  13  through  16. 

(2)  Development  of  the  experimental  setup,  multi  microphone 
measurement  system  and  the  analog-to-digital  data  acquisition  system. 

(3)  Development  of  a  data  reduction  computer  program  that  Fourier 
analyzes  the  measured  data  and  then  uses  it  to  determine  the  values  of 
the  complex,  pressure  coupled  propellant  admittance,  the  steady  state 
temperature  gradient  and  the  gas  phase  losses  that  provide  the  best  fit 
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between  the  measured  acoustic  pressure  data  (obtained  under  (2)  above) 
and  the  solutions  of  the  impedance  tube  wave  equations  (derived  under  (1) 
above). 

The  above  described  facility  has  been  utilized  in  the  determination 
of  the  frequency  dependence  of  the  admittances  and  gas  phase  losses  of 
various  aluminized  and  nonaluminized  propellants  and  the  results  of  these 
studies  showed  that: 

(1)  The  developed  impedance  tube  setup  can  indeed  measure  the 
pressure  coupled  admittances  of  both  aluminized  and  nonaluminized 
propellants  at  different  frequencies.  Furthermore,  at  a  given  frequency, 
the  impedance  tube  setup  can  determine  the  time  variations  of  both  the 
real  and  imaginary  parts  of  the  propellant  admittance  and  the  gas  phase 
losses. 

(2)  The  conduct  of  the  experiment  and  associated  data  reduction  are 
easier  with  aluminized  propellants. 

(3)  Measured  frequency  dependence  of  the  real  part  of  the  admittance 
of  nonaluminized  propellants  indicate  the  existence  of  multiple  peaks  (see 
Fig  2).  This  result  is  in  agreement  with  results  obtained  with  the 
microwave  technique  but  they  contradict  T-burner  data. 

(U)  The  measured  data  indicates  that  in  some  instances  both  the 
propellant  admittance  and  the  gas  phase  losses  may  vary  with  time  during 
the  course  of  a  given  experiment. 

Velocity  Coupled  Propellant  Response  Measurements 

In  view  of  the  success  achieved  with  the  application  of  the 
impedance  tube  technique  in  the  measurement  of  the  pressure  coupled 
propellant  response  function,  a  decision  had  been  made  to  further  modify 
the  developed  impedance  tube  setup  for  applications  in  solid  propellant 
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velocity  coupled  response  measurements.  Subsequently,  a  number  of 
potential  impedance  tube  setups  were  considered  before  settling  on  the 
experimental  configuration  shown  in  Fig.  3.  In  this  case  the  objective  of 
the  experiment  is  to  measure  the  velocity  coupled  response  of  the  "test" 
propellant  that  is  placed  at  some  distaiice  downstream  of  the  "driver" 
propellant  that  provides  a  flow  of  hot  combustion  products  pcist  the  test 
propellant  surface.  An  acoustic  driver  at  the  other  end  of  the  tube  is 
utilized  to  excite  a  standing  acoustic  wave  of  a  given  frequency  in  the 
tube.  In  this  configuration  the  "driver"  propellant  surface  is  subjected  to 
acoustic  pressure  oscillations  only  while  the  "test"  propellant  surface  is 
subjected  to  both  pressure  and  acoustic  velocity  (parallel  to  the  propellant 
surface)  oscillations.  Thus,  the  "driver"  propellant  interacts  with  the  tube 
oscillation  via  a  pressure  coupled  response  only  while  the  "test"  propellant 
interacts  with  the  tube  oscillation  via  both  pressure  and  velocity  coupled 
responses.  With  this  configuration  one  is  faced  with  the  problem  of 
determining  both  of  these  responses  under  the  conditions  of  the 
experiment.  The  approach  chosen  toward  the  resolution  of  this  problem  is 
outlined  in  Fig.  3  and  it  involves  the  utilization  of  the  existing  impedance 
tube  to  determine  the  pressure  coupled  response  of  the  propellant  and  the 
newly  developed  setup  for  the  determination  of  the  velocity  coupled 
response  of  the  "test"  propellant. 

In  order  to  describe  the  developed  data  reduction  procedure  for  the 
determination  of  the  velocity  coupled  response  function  R^,  the 
impedance  tube  wave  equations  need  to  be  considered.  These  equations 
are  presented  in  Fig.  4  where  mj^  represents  the  burn  rate  perturbation 

of  the  test  propellant  and  the  quantity  b/A  mj^E  f  represents 

the  perturbation  in  the  energy  addition  to  the  flow  from  the  test 
propellant.  Figure  4  also  presents  the  relationships  that  relate  this 
quantity  to  Rp  and  R^,  the  pressure  and  velocity  coupled  response 
functions.  One  should  note  that  the  developed  relationships  are  somewhat 
arbitrary  and  that  they  imply  linear  dependence  upon  p'/p  and  u  /a  , 
which  may  not  be  the  case  in  reality.  The  objective  of  the  developed 
experiment  is  to  find  the  values  of  Rp  and  R^  that  will  produce  the 
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"best"  agreement  between  the  solutions  of  the  wave  equations  in  Fig.  U 
and  the  acoustic  pressure  data  measured  during  a  given  test. 

In  reviewing  the  equations  presented  in  Fig.  one  should  note  that 
the  unknowns  Rp  and  appear  in  the  differential  equations  while  in 
the  previously  developed  impedance  tube  the  unknown  Rp  only  appeared 
in  the  boundary  conditions  of  the  problem.  Consequently,  a  new  data 
reduction  procedure  that  will  allow  for  the  determination  of  R^  from 
measured  acoustic  pressure  data  had  to  be  developed.  Since  a  discussion  of 
this  data  reduction  procedure  that  utilizes  the  actual  impedance  tube 
wave  equations  may  become  too  cumbersome,  this  method  will  be 
discussed  utilizing  a  simpler  example,  c«  shown  in  Fig.  5.  In  reviewing  this 
example  it  may  be  convenient  to  think  of  the  dependent  variable  y  and 
the  parameter  k  as  being  analogous  to  the  acoustic  pressure  p '  and  the 
response  function  R^,  respectively.  One  should  also  note  that  the  method 
utilizes  the  method  of  quasilinearization  and  that  the  determination  of  k 
at  each  iteration  involves  the  solution  of  linear  equations  only. 

The  accuracy  and  numerical  efficiency  of  the  developed  data 
reduction  procedure  hcis  been  investigated  utilizing  a  number  of 
hypothetical  cases.  For  a  given  case,  values  of  Rp  and  R^  were  assumed 
and  the  impedance  tube  wave  equations  were  solved  to  determine  the 
corresponding  impedance  tube  wave  structure.  Next,  utilizing  the 
computed  wave  structure,  values  of  the  calculated  acoustic  pressure  (i.e., 
amplitude  and  phase)  were  modified  by  the  addition  of  arbitrary  errors  to 
simulate  measured  data,  and  the  resulting  amplitudes  and  phases  were 
input  into  the  data  reduction  procedure  in  order  to  compute  the  "unknown" 
R^  and  R„.  Results  of  some  of  these  calculations  are  summarized  in  Fig. 

p  V 

6.  In  this  case  four  transducers,  whose  locations  are  shown  in  the  figure, 
were  utilized  in  the  computation.  The  results  are  summarized  in  the  table 
and  they  demonstrate  that  the  developed  data  reduction  procedure  is 
indeed  capable  of  utilizing  measured  acoustic  pressure  data  in  the 
determination  of  velocity  coupled  response  functions. 
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Finally,  in  order  to  optimize  the  design  of  the  developed  Impedance 
tube,  a  study  aimed  at  the  determination  of  the  dependence  of  the  "new" 
impedance  tube  wave  structure  upon  the  length  and  location  of  the  tested 
propellant  samples  was  conducted  and  some  results  obtained  in  this  study 
are  presented  in  Figs.  7  through  10.  Examination  of  these  figures  clearly 
indicates  that  the  length  and  location  of  the  tested  propellant  sample  can 
be  optimized  in  a  sense  that  differences  in  the  propellant  response 
function  produce  measurable  changes  in  the  resulting  acoustic  pressure 
wave  structure  in  the  impedance  tube.  These  studies  will  continue  in  the 
near  future  as  the  determination  of  the  optimum  impedance  tube 
configuration  is  expected  to  result  in  more  accurate  determination  of  the 
velocity  coupled  response  function. 


Using  the  results  of  the  above  described  analysis,  the  impedance 
tube  shown  in  Fig.  1 1  has  been  designed  and  it  is  currently  in  the 
fabrication  stage.  To  obtain  maximum  flexibility,  the  designed  impedance 
tube  offers  the  possibility  of  changing  the  distance  between  the  test 
propellant  and  driver  propellant  from  one  experiment  to  another,  thus 
providing  an  opportunity  to  investigate  the  effect  of  "positioning"  the  test 
propellant  at  different  parts  of  the  impedance  tube  standing  wave. 
Furthermore,  the  lengths  of  the  two  test  propellant  samples  can  be  varied 
between  four  and  eight  inches  and  the  shown  stepping  motor  will  be 
utilized  to  "push"  the  test  propellants  inward  at  a  rate  equal  to  their 
burning  rate.  This  will  be  done  in  an  attempt  to  maintain  the  burning  test 
propellants  surfaces  flush  with  the  impedance  tube  walls.  A  square 
impedance  tube  cross  sectional  area  has  been  chosen  for  this  study  in 
order  to  simplify  the  installation  of  the  acoustic  pressure  transducers  and 
optical  windows  that  will  be  used  in  order  to  investigate  the  unsteady  flow 
conditions  inside  the  impedance  tube  during  the  course  of  various 
experiments. 
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Direct  Measurements  of  Solid  Propellant  Burn  Rates 

In  a  separate  study,  Mr.  Peter  Erbland,  an  M.  S.  student, 
investigated  the  feasibility  of  utilizing  crystals  in  the  "direct" 
measurement  of  solid  propellant  mass  loss  during  burning  in  steady  and 
unsteady  flow  environments.  The  experimental  setup  investigated  by  Mr. 
Erbland  is  shown  on  the  bottom  of  Fig.  12  and  a  related  experimental 
setup  utilized  by  the  Russians is  shown  at  the  top  of  Fig.  12.  The  basic 
idea  of  the  experiment  is  to  measure  the  changes  with  time  of  the  natural 
frequency  of  a  crystal  loaded  with  a  burning  solid  propellant  sample. 
Loading  a  crystal  with  a  solid  propellant  sample  was  expected  to  change 
its  natural  frequency  and  since  the  amount  of  loading  changes  during 
burning,  the  natural  frequency  of  the  loaded  crystal  would  cdso  change.  If 
one  could  measure  these  frequency  changes,  then  one  could  ,  in  principle, 
relate  these  changes  to  the  mass  lost  due  to  burning.  The  objective  of  Mr. 
Er bland's  study  was  to  determine  whether  (1)  available  crystals  would 
respond  while  loaded  with  typical  solid  propellant  samples  and  (2)  whether 
these  crystals  possessed  the  necessary  sensitivity.  The  results  of  Mr. 
ErblancTs  study  are  described  in  his  M.  S.  Special  Project  report  and  they 
are  summarized  in  Figs.  13  and  14.  These  figures  indicate  that  the 
properties  of  both  quartz  and  ceramic  crystals  were  investigated  and  that 
the  results  of  these  studies  showed  that  while  the  tested  quartz  crystals 
possessed  the  necessary  sensitivity  (i.e.,  A  f/A  m  )  they  would  not  respond 
when  loaded  with  even  the  smallest  possible  samples  of  solid  propellants. 
In  contre^t,  the  tested  ceramic  crystals  would  respond  when  loaded  with 
masses  comparable  to  those  of  burning  solid  propellant  but  they  did  not 
possess  the  necessary  sensitivity.  While  these  results  are  discouraging, 
they  do  not  nullify  the  original  concept  as  it  is  quite  possible  that  there 
may  be  other  crystals  available  which  do  possess  the  desired  properties. 
Thus,  it  is  still  quite  possible  that  the  suggested  measurement  technique 
may  produce  the  desired  results  when  appropriate  crystals  are  found. 
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Investigation  of  the  Dependence  of  the  Propellant  Response  Function  and 
Gas  Phase  Losses  upon  the  Propellant  Aluminum  Content 

Since  the  developed  impedance  tube  setup  is  capable  of  the 
simultaneous  determination  of  the  propellant  pressure  coupled  admittance 
and  the  gas  phase  acoustic  losses,  a  study  aimed  at  the  determination  of 
the  effect  of  aluminum  addition  upon  the  propellant  admittance  and  gas 
phase  losses  was  undertaken.  Due  to  lack  of  a  propellant  mixing  facility  at 
Georgia  Tech,  the  needed  test  propellants  were  kindly  supplied  by  AFRPL. 
To  isolate  the  effect  of  aluminum  addition,  three  different  propellant 
formulations  differing  only  in  their  aluminum  content  were  to  be  tested; 
that  is,  the  formulations  of  the  nonaluminized  fraction  of  each  of  the 
tested  propellants  was  to  be  the  same.  Such  propellant  formulations  could 
be  ideally  obtained  by  replacing  different  weight  fractions  of  a  given 
propellant  formulation  with  equivalent  weights  of  aluminum.  In  the 
planned  tests,  the  three  propellant  formulations  were  going  to  have  zero, 
five  and  eighteen  percent  of  aluminum  by  weight.  While  this  approach  was 
agreed  upon  with  AFRPL  personnel,  propellant  processing  difficulties 
resulted  in  variations  of  the  developed  propellants  compositions  from 
those  that  had  been  originally  agreed  upon.  The  discrepancy  is  illustrated  in 
Table  I  where  the  actual  and  "plannecf  formulations  of  the  three 
propellants  are  compared.  Obviously,  the  amount  of  binder  remained 
constant  in  all  three  formulations  and  the  added  aluminum  replaced  some 
of  the  AP  particles.  Thus,  the  three  propellants  formulations  varied  from 
one  another  both  in  their  aluminum  content  emd  in  the  formulation  of  their 
nonaluminized  fractions. 

The  three  propellants  formulations  were  tested  in  the  impedance 
tube  over  the  frequency  range  400  to  1200  Hz.  Some  of  the  measured 
data  is  summarized  in  Table  II  where  the  driving  of  the  three  propellants 
(i.e.,  Yf  )  and  their  gas  phase  damping  (i.e.,  G)  are  compared  at  different 
frequencies.  An  examination  of  these  data  suggests  that  aluminum 
addition  increases  both  the  propellant  driving  and  the  gas  phase  damping. 
Since  increcising  both  of  these  factors  in  a  practical  situation  would  exert 
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countering  effects  upon  the  stability  of  a  rocket  motor,  it  remains  to 
determine  which  of  the  two  increases  is  dominant  at  the  various 
frequencies  as  this  may  indicate  whether  aluminum  addition  to  the  tested 
propellant  would  stabilize  or  destabilize  in  actual  rocket  motors. 
Furthermore,  it  remains  to  establish  that  the  observed  effects  are  due  to 
the  aluminum  addition  only  and  not  due  to  the  differences  in  the 
compositions  of  the  nonalumimzed  fractions  of  the  tested  propellants. 

Finally,  samples  of  the  propellants  tested  in  this  study  have  been 
given  to  Professor  Price  who  will  further  investigate  their  burning 
characteristics.  The  results  of  his  studies  will  be  compared  with  the 
impedance  tube  data  to  determine  whether  any  correlations  between  the 
results  of  the  two  studies  can  be  established. 
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REAL  PART  OF  THE  ADMITTANCE,  Yj^ 


Fig.  2.  Real  Part  of  the  Admittance  vs.  Frequency  for 
A-13  and  A-14^  Propellants,  300  psig. 


MODIFIED  IMPEDANCE  TUBE  SETUP 


EXPERIMENTAL  PROCEDURE 

fl)  Utilize  the  available  impedance  tube  to  determine  the  pressure 

coupled  response  function  of  the  tested  propellant. 

(2)  Use  the  acoustic  driver  to  generate  a  standing  acoustic  wave  in  the 
modified  impedance  tube  setup.  Ignite  both  propellant  samples  and 
use  the  pressure  transducers  to  measure  the  acoustic  pressures  at 
the  indicated  locations. 

(3)  Input  data  obtained  under  (1)  and  (2)  above  into  the  newly  developed 
data  reduction  computer  program  to  determine  the  velocity  coupled 
response  function  R  of  the  tested  propellant  sample. 


FIGURE  3.  MAIN  FEATURES  OF  EXPERIMENTAL  APPROACH. 
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IMPEDANCE  TUBE  WAVE  EQUATIONS 
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Figure  4.  Impedance  Tube  Wave  Equationa 
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Consider  the  following  differential  equation  that  models  the  behavior  of  a 
measurable  quantity  y(x,k) 


^  *  g(x.y.k)  *  iixy  ;  y(o)  “  ^ 


(1) 


Where  k 
determined. 


is  an  as  yet  unknown  constant  parameter  that  needs  to  be 
Let: 

N 


and  determine  k  by  solving 

f  .2  (2) 

Step  1;  Assume  a  value  for  k  ,  say  “  1^0  »  and  solve  (1)  above  to  get 

the  first  approximation 

Step  2;  To  obtain  an  improved  value  of  Yq  ,  expand  Eq.  (1)  about  the  y 
solution  to  get 


where 


^  -  K  + 
dx  *0 


y(x) 


Note 
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(3) 


(1)  y(x)  is  linear  in  the  unknown  parameter  k 
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(2) 


(s-)„,- 


/*'-*>dx' 
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(5) 


Substitute  (3)  into  (2)  and  solve  for  the  new  k  ■  kj^ 


Step  3:  If  kji*  k^ ,  repeat  Step  2  until  convergence  occurs. 


Figure  5.  An  Example  of  the  Developed  Data  Reduction  Procedure. 


PRESSURE  AMPLITUDE  (dB) 
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lcx:ations  of  acoustic 

TRANSDUCERS  UTILIZED 
IN  TABLE  BELOW 


FIGURE  6. SAMPLE  RESULTS. 


THE  DEPENDENCE  OF  THE  ACOUSTIC  PRESSURE  AMPLITUDE 
UPON  THE  IDCATION  OF  THE  TESTED  PROPELUNT  SAMPLE 
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FIG,  8  ,  THE  OEPEHDENCE  OF  THE  ACOUSTIC  PRESSURE  PHASE 

UPON  THE  IDCATIOH  OF  THE  TESTED  PROPELIANT  SAMPLE 
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1HE  DEPENDENCE  OF  IHE  ACOUSTIC  PRESSURE  AMPLITUDE 
UPON  IHE  LENGTH  OF  IHE  TESTED  PROPELIANT  SAMPLE. 


SCHEMATICS  FOR  DIRECT  MASS  LOSS  MEASUREMENTS 
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RESULTS  OF  "DIRECT' 
UNSTEADY  MASS 
MEASUREMENT  STUDIES 


(I)  OBJECTIVES 

INVESTIGATE  THE  SUITABILITY  OF  USING  PIEZOELECTRIC 
QUARTZ  AND  CERAMIC  CRYSTALS  IN  THE  MEASUREMENT  OF 
THE  UNSTEADY  MASS  LOSS  OF  BURNING  SOLID  PROPELLANTS. 

(II)  SUMMARY  OF  INVESTIGATION  STEPS 

(1)  AN  ELECTRICAL  CIRCUIT  CAPABLE  OF  DETERMINING 
THE  NATURAL  FREQUENCIES  OF  PIEZOELECTRIC 
CRYSTALS  WAS  DEVELOPED. 

(2)  THE  DEPENDABILITY  OF  THE  EXPERIMENTAL 
PROCEDURE  WAS  INVESTIGATED  BY  DETERMINING  THE 
DEPENDENCE  OF  THE  CRYSTAL  RESPONSE  UPON 

(a)  THE  LOCATION  OF  THE  ELECTRODES 

(b)  THE  CRYSTAL  SUPPORT  SYSTEM  AND 

(c)  THE  SIZE  OF  THE  ELECTRODE  PLATING 

(3)  THE  FREQUENCY  RESPONSES  OF  EIGHT  CERAMIC 
CRYSTALS  AND  ONE  QUARTZ  CRYSTAL  WERE 
INVESTIGATED. 


Figure  13.  Objective  and  Summary  of  Direct  Mass  Measurement  Study. 
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(III)  RESULTS 

(1)  THE  FREQUENCY  MEASUREMENTS  FOR  THE  CERAMIC 
CRYSTALS  WERE  ONLY  REPEATABLE  TO  THE  FIRST 
THREE  DIGITS. 

(2)  THE  LOADING  OF  THE  CERAMIC  CRYSTALS  BY  RUBBER- 
CEMENT  TYPE  MATERIAL  DID  NOT  RESULT  IN  A 
DETECTABLE  SHIFT  IN  THE  CRYSTAL'S  NATURAL 
FREQUENCIES 

(3)  THE  LOADING  OF  A  CERAMIC  CRYSTAL  WITH  A  LAYER 
OF  SILVER  PAINT  ^  PRODUCE  A  FREQUENCY  SHIFT. 
HOWEVER,  THE  FREQUENCY  SHIFT  PRODUCED  BY  A  10"^ 
GRAM  LOADING  WAS  SMALLER  THAN  THE  FREQUENCY 
SHIFT  THAT  COULD  BE  ACCURATELY  MEASURED  DUE  TO 
REPEATABILITY  LIMITS. 

(4)  QUARTZ  CRYSTALS  CAN  BE  READILY  OVERLOADED  AND 
THEY  STOP  OSCILLATING  WHEN  LOADED  WITH  A  MASS  OF 
THE  ORDER  OF.l  GRAM. 

(IV)  CONCLUSIONS 


(1)  THE  TESTED  QUARTZ  CRYSTALS  CANNOT  BE  UTILIZED 
FOR  THE  INDICATED  PURPOSE  BECAUSE  THEY  WOULD 
NOT  RESPOND  WHEN  LOADED  WITH  EVEN  THE  SMALLEST 
POSSIBLE  SAMPLES  OF  SOLID  PROPELLANTS. 

(2)  THE  TESTED  PIEZOCERAMIC  CRYSTALS  COULD  NOT  BE 
USED  FOR  THE  INDICATED  PURPOSE  BECAUSE  THEY  DO 
NOT  POSSESS  THE  RESPONSE  CHARACTERISTICS  THAT 
ARE  REQUIRED  TO  DETECT  THE  MASS  CHANGES  THAT 
ARE  EXPECTED  TO  OCCUR  DURING  UNSTEADY 
COMBUSTION  OF  SOLID  PROPELLANTS. 


Figure  14.  Results  and  Conclusions  of  Direct  Mass  Measurement  Study, 
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PROPELLANT  COMPOSITION  (%) 


UZ-7:  Norv-aluminized  UZ-8:  5%  Aluminum  UZ-9!  18%  Aluminum 


INGREDIENT  ACTUAL  DESIRED  ACTUAL  DESIRED  ACTUAL  DESIRED 


R-45m 

9.34 

9.34 

9.34 

8.873 

9.34 

7.6588 

INDOPOL 

1.85 

1.85 

1.85 

1.7575 

1.85 

1.517 

TEPANOL 

0.15 

0.15 

0.15 

0.1425 

0.15 

0.123 

AP-200  M. 

51.00 

51.00 

51.00 

48.45 

38.00 

41.82 

AP-50  n 

15.00 

15.00 

12.00 

14.25 

13.00 

12.3 

AP-8ti 

22.00 

22.00 

20.00 

20.90 

19.00 

18.04 

ALUMINUM; 

4.51a 

0.00 

0.00 

5.00 

5.00 

18.00 

18. 

IDPI 

0.66 

0.66 

0.66 

0.627 

0.66 

0.5412 

Table  I. 

Comparison  of  desired  and  actual  compositions  of 

tested  propellants. 
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Real  Part  of  the  Propellant  Non-Dimensional  Admittance 


FREQUENCY 

(Hz) 

UZ 

-  7 

UZ  -  8 

UZ 

- 

9 

400 

0.6686 

CM 

1 

O 

X 

0.1928  X  10"^ 

0.2821 

X 

10"^ 

600 

0.1498 

X  10"^ 

0.121  X  10"^ 

0.3336 

X 

10"* 

800 

0.7941 

X  10"^ 

0.233  X  10"^ 

o 

oe 

N) 

X 

10“^ 

1000 

0.1187  X  10’* 

00 

o 

X 

10’^ 

Gas  Phase  Loss  Coefficient  x  10  (Ibm/in  -s) 

FREQUENCY 

UZ  -  7 

UZ  -  8 

UZ  -  9 

(Hz) 

400 

2 

20 

41 

600 

7 

27 

60 

800 

0 

52 

114 

1000 

49 

126 

J 


Table  II 


Frequency  dependence  of  measured  admittances  and  gas 
phase  losses  of  the  propellants  described  in  Table  I. 
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TASK  II 

EXTERNAL/BASE  BURNING  FOR  PROPULSION 


JAMES  E.  HUBBARTT  WARREN  C.  STRAHLE 


A.  Research  Objectives 

This  research  employed  scale-model,  simulation  tests  to  systematically 
evaluate  the  use  of  externalA>ase  burning  to  reduce  base  drag  or  provide  base 
thrust  for  axisymmetric,  blunt-base  bodies  at  Mach  3.  The  specific  objectives 
were  to  determine  performance  potentials,  flowfield  features,  and  effects  of  fuel 
properties. 

B.  Results  and  Discussions 

The  following  six  major  tasks  were  completed  under  this  research 
program: 

1.  Modification  of  the  test  facility  for  combustion  tests. 

2.  Cold  flow  tests  with  base  injection. 

3.  Base  burning  tests  with  subsonic  base  and  radial  injection. 

4.  Combined  base  and  external  burning  tests  using  supersonic  radial 
injection. 

5.  Base  burning  tests  with  diluted  fuel  injection. 

6.  Combined  preburning  and  base  burning  tests. 

All  of  the  goals  initially  set  down  for  this  program  were  successfully  completed 
except  for  external  burning  witn  base  thrust  (i.e.,  with  base  pressure  greater  than 
the  freestream  pressure).  External  burning  with  base  thrust  was  accomplished 
but  it  was  established  that  the  results  vere  biased  by  wind  tunnel  interference 
effects  which  cannot  be  eliminated  in  a  small  scale  test  facility.  The  program 
has  yielded  a  vast  amount  of  data  important  to  assessing  the  application  of 
burning  for  elevating  the  base  pressure  of  blunt  base  bodies.  All  results  have 
been  reported  in  the  open  literature^^^"^^.  The  major  accomplishments  and 
results  are  summarized  in  the  following  sections.  The  reader  is  referred  to  these 
references  for  more  details. 


1.  Test  Facility. 

Figures  1  and  2  present  schematics  of  the  test  facility  and  test  section. 
Photographs  of  the  test  section  and  the  probe  actuator  system  are  shown  in 
Figure  3.  This  is  a  blowdown  type  wind  tunnel  designed  to  simulate  the  flow  in 
the  base  region  of  an  axisymmetric  projectile  with  a  fineness  ratio  of  about  6. 
The  freestream  Mach  number  at  the  base  plane  is  2.98  and  most  tests  were 
conducted  at  a  Reynolds  number,  based  on  the  model  diameter,  of  about  4.5  x 
10^.  During  a  typical  test  the  freestream  stagnation  temperature  drifted 
downward  from  about  10  to  20^C.  The  cylindrical  model  is  supported  in  the  low- 
speed  flow  upstream  of  the  supersonic  nozzle  to  eliminate  support  effects. 
Injection  gases  and  instrumentation  leads  are  ducted  into  the  model  cavity 
through  these  support  struts.  The  wake  is  surveyed  with  small  scale  pilot-static 
and  thermocouple  probes  supported  downstream  of  the  base  by  the  two-degree- 
of-freedom  actuator.  Tests  are  controlled  and  data  are  retrieved  by  a  computer- 
based  data  acquisition  system. 

The  basic  facility  was  originally  designed  for  cold  flow  tests  which 
simulated  the  compression  imposed  on  the  near  wake  by  external  burning.  During 
the  current  program  it  was  modified  for  fuel  injection  and  actual  burning  tests. 
This  required  the  addition  of  three  gas  systems  fed  by  bottled  gases  and  including 
metering  and  safety  devices.  Hydrogen  was  used  as  the  fuel  because  of  its  high 
reaction  rate.  Either  pure  hydrogen  or  hydrogen  diluted  with  an  inert  species, 
reducing  the  effective  fuel  heating  value,  could  be  supplied  to  the  model  base 
region.  Simultaneously,  pure  oxygen  could  be  ducted  to  the  base  region, 
permitting  tests  with  combined  preburning  and  wake  burning,  simulating  the 
decomposition  and  subsequent  base  burning  for  a  solid  propellant.  Also,  several 
different  base  configurations  were  fabricated  for  the  various  burning  tests. 

2.  Cold  Flow  Tests  with  Base  Injection. 

Cold-flow,  base  injection  tests  were  made  using  several  gases  to 
determine  the  effect  of  injectant  molecular  weight  and  specific  heat  ratio  on 
base  pressure  rise  due  to  blowing.  The  model  was  fitted  with  a  porous  sintered- 
metal  base  plate  for  uniform  base  injection  and  tests  were  run  injecting  air, 
nitrogen,  helium,  and  hydrogen.  The  gases  were  injected  axially  into  the  near 
wake  at  ambient  temperature,  at  subsonic  speed,  and  with  negligible  momentum 
flow  rates.  The  results  are  summarized  in  Figure  4.  The  top  plot  presents  the 
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FIGURE  U.  RESULTS  FOR  COLD  GAS  INJECTION 
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specific  impulse  l^p  (i.e.,  the  increase  in  base  force  due  to  injection  divided  by 

the  injectant  mass  flow  rate)  versus  the  injectant  flow  rate  parameter  1  (i.e.,  the 

injectant  mass  flow  rate  divided  by  the  freestream  mass  flow  rate  through  an 

area  equal  to  the  base  area)  for  nitrogen,  helium,  and  hydrogen  injection.  The 

middle  plot  shows  the  effect  of  1  on  the  ratio  of  the  base  pressure  rise  with 

injection  to  the  freestream  pressure  Pj.  As  shown,  the  specific  impulse  amd  base 

pressure  elevation  increases  with  decreasing  molecular  weight  or  gas  density. 

Correlation  of  the  data  is  shown  in  the  bottom  plot  of  Figure  4.  The  scatter  of 

the  data  from  the  mean  line  is  probably  within  data  accuracy.  The  relevant  flow 

parameter  is  1  divided  by  the  molecular  weight  raised  to  the  0.8  power.  (This 

presentation  normadizes  the  molecular  weight  by  that  of  air.)  This  is  very  nearly 

a  volume  flow  rate  parameter  and  was  first  suggested  by  Bowman  and  Clayden^^^ 

and,  later,  by  Freeman  and  Korkegi^^^  Also,  in  the  present  tests,  the  specific 

(2) 

heat  ratio  slightly  affected  base  pressure  rise  but  is  not  included  in  the 
correlation  of  Figure  4  since  the  change  is  nearly  within  the  data  accuracy. 
Wake  surveys  showed  that  the  length  of  the  near  wake  increases  markedly 
with  injection  rate  and  the  recirculation  bubble  is  blown  off  when  about  80%  of 
the  base  drag  is  eliminated. 

3.  Base  Burning  with  Subsonic  Base  and  Radial  Injection. 

Four  fuel  injection  configurations  were  used  for  the  base  burning  tests. 
Three  of  these  are  shown  in  Figure  5.  The  base  injection  configuration  (top 
panel)  uses  a  porous  sintered-metal  base  plate  for  axial  injection  of  a  uniform 
stream  of  hydrogen.  The  radial  injection  configuration  (lower  left  panel)  uses  six 
equally  spaced  radial  ports  recessed  in  an  annular  channel  which  serves  as  a 
flame  holder.  The  combination  configuration  (base  plate  shown  at  lower  right) 
uses  the  radial  injection  configuration  with  a  porous  base  plate  for  combined 
radial  and  axial  injection.  The  fourth  configuration  (not  shown)  provides  for 
radial  slot  injection.  Spacers  were  inserted  between  the  plane  base  plate  and  the 
cylindrical  forebody  to  yield  a  0.64  cm  wide  peripheral  slot  immediately 
upstream  of  the  base  plane. 

Ignition  of  the  base  flow  was  accomplished  using  cured  pyrotechnic 
compound  coated  on  a  consumable  igniter  sting  as  illustrated  with  the  base 
injection  configuration  of  Figure  5.  Also,  the  channel  containing  the  six  radial 
nozzles  was  lined  with  the  pyrotechnic  paste  and  was  ignited  separately.  The 
pyrotechnics  were  ignited  by  resistance  heating. 


RADIAL  INJECTION 


FIGURE  5.  IGNITION  AND  FUEL  INJECTION  CONFIGURATIONS 
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Burning  results  for  subsonic  base  injection,  radial  slot  injection  and  radial 
jet  injection  of  pure  hydrogen  are  shown  in  Figure  6.  For  comparison  the  figure 
includes  cold  flow  base  injection  results.  Results  are  the  same  for  radied  slot 
injection  and  for  base  injection.  Observation  of  the  burning  zone  revealed  that 
both  of  these  modes  of  injection  yield  pure  base  burning.  As  shown  in  Figure  6, 
performance  with  subsonic  radial  injection  throu^  discrete  nozzles  is  somewhat 
lower  than  that  with  base  or  radial  slot  injection.  Observations  of  the  flame 
indicated  that  this  mode  of  operation  more  resembled  base  burning  than  external 
burning  with  discrete  plume  combustion  in  the  freestream.  Furthermore, 
analysis  show  that  jet  penetration  into  the  freestream  is  very  small.  Hence,  it  is 
included  here  as  base  burning  mode  of  operation.  It  is  thought  that  the  reduced 
performance  with  the  jets  is  probably  due  to  asymmetries  in  the  mixing  processes 
created  by  the  discrete  jets. 

As  shown  in  Figure  6,  the  base  pressure  rises  with  increasing  hydrogen 
injection  and  asymptotically  approaches  freestream  pressure.  The  diminishing 
returns  of  increased  injection  are  reflected  by  the  rapid  decline  of  specific 
impulse.  Nevertheless,  significant  reductions  in  base  drag  at  impressive  values 
of  Ijp  are  demonstrated.  For  examples,  the  lower  plot,  which  summarizes  the 
results  for  base  injection,  shows  «ui  80%  reduction  in  base  drag  with  I^p  of  about 
5000  and  a  50%  reduction  with  I^^  =  12,000.  For  compeurison,  the  I-d  for  a 

or  ir 

comparable  ramjet  engine  would  be  about  5000  to  6000.  Townsend  and  Reid 
have  also  reported  high  values  of  l^p  for  base  burning  at  Mach  2.19. 

The  effect  of  superimposing  external  compression,  simulating  that  due  to 
external  burning,  and,  base  burning  with  axial  injection  is  shown  in  Figure  7. 
Compression  sections  I,  II,  and  IV,  described  in  Reference  1,  were  used  for  these 
tests.  Compression  section  I  and  II  impose  axisymmetric  compressions  on  the 
near  wake  whereas  compression  section  IV  impose  an  asymmetric  compression 
like  that  due  to  six  combustion  plumes  in  the  freestream.  The  important  point 
from  these  results  is  that  the  separate  effects  of  base  burning  and  external 
compression  are  additive.  This  is  shown  to  be  the  case  for  high  base  thrust 

(9) 

levels.  Schadow  and  Chieze  also  determined  from  two-dimensional  tests  that 
the  base  pressure  rise  with  external  burning  of  a  solid  propellant  and  base 
injection  of  an  inert  gas  superimpose. 

9.  Combined  Base  and  External  Burning. 

The  two  base  configurations  shown  in  Figure  8  were  used  for  combined 
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FIGURE  6.  BASE  BURKING  RESULTS 
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COMBINED  BASE  BURNING  AND  SIMULATED  EXTERNAL  BURNING 
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FIGURE  9.  RESULTS  FOR  SUPERSONIC  RADIAL  INJECTION 
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base  and  external  burning  tests.  Both  configurations  have  six  small  jet  orifices 
for  radial  injection  and  a  porous  base  plate  for  axial  injection  at  subsonic  speeds. 
In  contrast  with  the  subsonic  radial  injection  tests  discussed  in  the  previous 
section,  supersonic  injection  results  in  deeper  jet  penetration  into  the  freestream 
and,  correspondingly,  some  external  burning.  The  upper  configuration  employs  a 
channel  type  flameholder  around  the  jets  while  the  lower  configuration  uses  a 
step  flameholder.  Tests  were  made  with  two  jet  orifice  diameters  (1.0  and  1.9 
mm)  and  ratios  of  jet-to-base  mass  flow  rates  from  about  0.3  to  4.0.  The  ranges 
in  jet  Mach  number  and  jet-to-freestream  velocity  ratio  were  from  1  to  3.1  emd  2 
to  4.2,  respectively. 

The  results  for  combined  subsonic  base  amd  supersonic  radial  injection  are 
presented  in  Figure  9.  It  should  be  noted  that  only  three  of  the  data  points  are 
for  base  thrust  conditions.  Furthermore,  no  attempt  is  made  to  associate  the 
data  points  with  orifice  diameter,  mass  flow  ratio,  or  jet  Mach  number  since  the 
results  are  characterized  more  by  scatter  than  specific  trends.  The  line 
representing  the  base  burning  data  of  Figure  7  is  included  for  reference. 

The  results  for  combined  base  and  radial  jet  injection  scatter 
significantly.  In  general,  the  specific  impulse  with  a  given  base  drag  reduction  is 
lower  than  that  for  base  injection.  Nevertheless,  specific  impulse  values  slightly 
higher  than  those  for  base  injection  were  obtained.  The  large  data  scatter  is 
associated  with  differences  in  combustion  which  was  very  marginal  for  the  test 
environment.  In  fact,  ignition  and  combustion  were  erratic  and  many  tests  were 
aborted  because  ignition  was  obviously  not  accomplished  in  the  base,  in  the 
flameholder,  or  in  both.  However,  the  high  pe-formance  points  of  Figure  9  were 
visually  identified  with  good  combustion  and  are  thought  to  be  most 
representative  of  the  performance  potential.  Therefore,  it  is  concluded  that 
combined  external  and  base  burning  can  be  competitive  with  base  burning  alone. 
This  suggests  that  external  burning  coupled  with  base  burning  may  also  be 
practical  for  providing  base  thrust.  However  this  needs  further  verification  in  a 
more  favorable  environment. 

It  has  been  determined  that  the  three  data  points  which  provided  base 
thrust  have  been  biased  by  wind  tunnel  wall  effects.  Surveys  adong  the  wake 
showed  that  the  wake  was  subsonic  beyond  the  point  where  the  reflected 
compression  wave  created  by  the  elevated  base  pressure  intersects  the  wake. 
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This  compression  wave  would  tend  to  increase  the  base  pressure  eind,  hence, 
make  these  results  optimistic.  Definitive  tests  for  base  thrust  conditions  will 
require  a  much  larger  wind  tunnel. 

On  the  other  hand,  it  is  important  to  realize  that  wind  tunnel  interference 
effects  in  the  results  of  Figure  9  for  base  drag  conditions  (i.e.,  less  than  Pj) 
could  only  decrease  the  base  pressure  and,  hence,  render  the  results  pessimistic. 
5.  Base  Burning  with  Diluted  Fuel  Injection. 

Base  burning  tests  were  made  using  hydrogen  diluted  by  inert  gases  to 
simulate  practical  propellants  with  low  fuel  heating  value.  Nitrogen,  helium,  and 
carbon  dioxide  were  used  as  diluents.  The  diluents  were  premixed  with  the 
hydrogen  before  entering  the  test  model.  The  mixtures  were  injected  into  the 
wake  through  the  porous  base  plate. 

Performance  results  are  shown  in  Figure  10.  The  upper  two  plots  show 

that  the  percent  base  drag  reduction  and  the  specific  impulse  based  only  on  the 

hydrogen  flow  rate,  l^p  ,  depends  on  the  hydrogen  flow  rate  parameter,  1„ 

^  Ho  ”4 


and  is  independent  of  the  type  and  amount  of  diluent.  In  other  words,  base 
pressure  rise  is  determined  solely  by  the  total  heat  release.  Correspondingly,  the 
specific  impulse  based  on  the  total  injectant  flow  rate  l^p,  decreases  directly 
with  the  fuel  heating  value  of  the  injectant  Qp.  Thus,  a  more  useful 
presentation  of  the  data  is  a  plot  of  specific  impulse  scaled  by  the  fuel  heating 
value  versus  the  base  drag  reduction,  as  shown  in  the  lower  of  Figure  10.  The 
line  in  this  figure  represents  the  results  for  pure  hydrogen  injection  for  which 
Qp  =  1.21  X  10^  3/g  (i.e.,  the  circular  data  points  in  the  upper  two  figures).  The 
data  points  are  for  the  diluted  mixtures  and  cover  effective  fuel  heating  values 
from  10,000  to  60,000  3/g.  In  the  abscissa,  is  normalized  by  20,000  3/g,  a 
typical  heating  value  for  a  practical  solid  propellant.  In  this  presentation  the 
performance  with  the  diluted  mixtures  agrees  well  with  that  for  pure  hydrogen. 
For  example,  a  propellant  with  =  20,000  3/g  would  yield  a  specific  impulse  of 
about  SOO  sec  with  80%  base  drag  reduction.  1Tie  I^p  increases  to  about  2000  sec 
for  a  50%  base  drag  reduction. 

Some  temperature  and  Mach  number  profiles  edong  the  wake  centerline 
downstream  of  the  base  are  shown  in  Figure  11.  The  upper  plot  of  Figure  11a 
presents  temperature  profiles  for  three  base  pressure  levels  (i.e.,  total  heat  dump 
rate).  The  hydrogen  is  diluted  with  CO2  so  as  to  yield  Qp  =  25,000  3/g.  As 
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shown,  the  maximum  temperature  on  the  centerline  occurs  close  to  the  base 
plane  even  at  the  high  base  pressure  levels.  Oxygen  must  be  supplied  to  this 
combustion  zone  by  the  forweird  flow  induced  by  recompression.  With  increased 
hydrogen  flow  rate,  the  base  pressure  rises,  the  recompression  weakens,  and  the 
location  of  the  maximum  temperatiire  shifts  downstream.  Downstream  of  the 
temperature  peaks  the  mixture  is  oxygen  rich  and  the  temperature  drops  rapidly 
due  to  iTiixing  with  the  freestream.  The  lower  plot  of  Figure  11a  compares 
temperature  profiles  for  pure  and  diluted  hydrogen  injection.  The  temperature 
reduction  with  diluent  cannot  be  accounted  for  by  the  heat  capacity  of  the 
diluent  alone.  Thus,  it  appears  that  the  rates  of  mixing  with  the  ambient  air 
must  be  increased  also  because  of  the  diluent. 

Wake  centerline  Mach  number  profiles  are  shown  in  Figure  11b.  For  base 
drag  reduction  less  than  80%  and  less  than  25,000  ]/g  the  wake  becomes 
supersonic  within  9.5  radii  from  the  base.  Since  the  expansion  wave  emanating 
from  the  base  and  reflecting  from  the  wind  tunnel  wall  will  intersect  the  wake  at 
this  location  this  represents  the  boundary  for  interference  free  wake  flow.  For 
higher  base  drag  reduction  and  the  results  are  conservative  since  the 
expansion  wave  tends  to  reduce  base  pressure.  However,  the  wave  becomes 
weaker  with  increasing  base  pressure  and  the  effect  must  be  small. 

6.  Combined  Prebuming  and  Base  Burning. 

A  solid  propellant  used  for  base  drag  reduction  first  decomposes  into  a  hot 
gas  mixture  and  then  burns  with  the  ambient  air  in  the  near  wake.  Thus,  for  a 
solid  propellant  there  is  combined  prebuming  and  base  burning.  The  preburning 
component  is  equivalent  to  hot  gas  injection  like  that  investigated  by  Clayden 
and  Bowman^^^^  To  simulate  the  use  of  solid  propellants  tests  were  made  in  this 
program  using  combined  prebuming  and  base  burning.  Prebuming  was 
accomplished  by  injecting  pure  oxygen  along  with  hydrogen  diluted  with  nitrogen 
or  carbon  dioxide  to  reduce  the  effective  heating  value.  The  base  configuration 
employed  in  these  tests  is  shown  in  Figure  12.  A  hollow  extension  of  the 
forebody  is  used  as  the  prebumer.  Pure  Oj  is  supplied  to  the  front  of  this 
preburner  through  four  tubes  passing  through  the  center  body  and  the  porous  base 
plates.  H2  premixed  with  N2  or  CO2  is  supplied  separately  through  the 
centerbody  and  the  porous  base  plate.  This  mixture  is  constrained  to  annular  jets 
surrounding  the  oxygen  jets  by  the  solid  metal  base  plate  with  four  holes 
concentric  with  the  oxygen  supply  tubes.  The  jets  mix  and  bum  within  the 
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preburner. 

Performance  results  for  combined  prebuming  and  base  burning  are  shown 
in  Figure  13.  Figures  13a  and  13b  contain  results  obtained  using  N2  as  the 
diluent.  Data  are  shown  for  runs  distinguished  by  an  increasing  O2  flow  rate  and 
a  decreasing  N2  flow  rate  so  as  to  maintain  a  nearly  constant  ©2  plus  N2  flow 
rate.  Increasing  1„  corresponds  to  increasing  the  effective  fuel  heating  value. 
Increasing  1^  corresponds  to  increasing  the  ratio  of  preburning  to  wake  burning 
heat  release,  ^or  comparisons,  the  curves  representing  pure  base  burning  (Figure 
10)  are  included.  The  exciting  point  of  this  comparison  is  that  base  pressure  is 
increased  significantly  by  preburning.  The  data  for  the  two  lowest  ©2  flow  rates 
show  an  optimum  H2  flow  rate.  The  performance  reduction  after  this  optimum  is 
apparently  due  to  cooling  of  the  preburned  products  as  the  excess  H2  absorbs 
heat.  At  the  highest  ©2  flow  rate  a  maximum  is  not  reached  and  the  peak  base 
pressure  is  nearly  equal  to  the  freestream  pressure.  Also  it  should  be  noted  that 
the  base  pressure  increase  approaches  a  limit  with  increasing  ©2  flow  rate;  that 
is,  as  the  ratio  of  prebuming  to  wake  burning  increases.  The  dashed  line  on 
Figure  13b  indicates  the  approximate  peak  performance  with  this  mode  of 
operation.  With  base  drag  reductions  greater  than  80%,  prebuming  can 
essentially  double  the  l^p.  Impressive  values  of  l^p  are  obtainable  with  large 
drag  reductions  for  practical  total  fuel  heating  values  and  splits  between 
prebuming  and  wake  burning.  In  fact,  the  performance  is  as  good  as  or  better 
than  performance  with  complex  ramjets.  The  results  of  Figures  13a  and  13b 
cover  a  range  in  effective  fuel  heating  values  from  17,000  to  35,000  J/g.  The 
heat  release  ratio  of  preburning  to  wake  bumir^  at  the  lowest  lj_j  varies  from 
0.35  to  2.4  and  at  the  highest  varies  from  0.15  to  0.5.  The  limiting  base 

”2 

pressure  is  reached  when  this  ratio  is  about  0.5  or  higher. 

Figure  13c  compares  results  for  prebuming  and  wake  burning  using  CO2 
and  N2  as  diluents.  These  data  again  show  tfiat  the  type  of  diluent  has  no 
significant  effect  on  performance. 

Results  of  superimposing  external  compression  on  combined  preburning 
and  base  burning  are  shown  in  Figure  14.  The  results  cover  prebuming  to  wake 
burning  heat  release  ratios  of  from  zero  to  3.0.  Compression  section  IV^^^  is  used 
to  impose  external  compression  on  the  wake.  As  shown  here,  combined  external 
compression  with  burning  yields  essentially  the  same  base  pressure  rise  as  the 
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sum  of  the  two  separate  contributions.  This  is  shown  to  be  the  case  for  base 
thrust  levels  sufficient  to  overcome  the  forebody  wave  dreig  of  a  typical  Mach 
3.0  axisymmetric  projectile.  Thus,  it  is  highly  desirable  that  tests  be  made  with 
real  external  burning  and  base  burning  combined.  At  the  present  time  the 
efficiency  of  the  external  burning  mode  is  unknown.  However,  as  shown  earlier, 
such  tests  must  be  conducted  in  a  large  scale  wind  tunnel  or,  perhaps,  in  free 
flight. 

In  concluding.  Figure  13  is  presented  to  show  that  base  burning  operates 
upon  an  exceedingly  complex  flow  field  which  challenges  analysts.  This  depicts 
the  current  understanding  of  the  flow  field  as  learned  in  this  research  from  exten¬ 
sive  probing  of  the  hot  and  cold  wakes  and  visual  observations.  Burning  of  the 
fuel  or  fuel  rich  gases  injected  through  the  base  plane  begins  at  the  dashed  line 
downstream  of  the  base  plane.  Oxygen  and  heat  diffuse  into  this  combustion 
zone  both  from  the  freestream  and  the  recirculation  zone.  The  recirculation 
zone  was  always  present  at  the  injection  rates  used  experimentally  and  this 
recirculation  plays  an  important  role  in  momentum,  heat,  and  mass  transport. 
Oxygen  diffuses  from  the  freestream  into  the  dow  stream  portion  of  the 
recirculation  zone  and  is  then  connected  forward  by  the  recirculation. 
Correspondingly,  the  stoichiometric  line  is  distorted  backward  toward  the  base  in 
the  recirculation  zone.  The  pressure  at  the  rear  stagnation  point  is  determined 
by  the  base  pressure,  the  flow  Mach  numbers,  and  momentum  exchange  rates. 
The  Mach  numbers  and  momentum  exchange  rates  are  decreased  as  a  result  of 
the  high  temperatures  due  to  combustion,  "nius,  a  temperture  increase  on  the 
stagnating  streamline  as  a  result  of  combustion  will  yield  a  higher  base  pressure. 
Prebuming  a  portion  of  the  fuel  with  oxygen  followed  by  wake  combustion  results 
in  a  higher  temperature  in  the  wake  core  and  a  higher  temperature  on  the 
stagnating  streamline.  Hence,  the  base  pressure  is  increased,  in  accordance  with 
the  experiments.  On  the  other  hand,  an  inert  diluent  added  to  the  fuel,  reducing 
the  effective  fuel  heating  value  and  slightly  lowers  the  temperatures  but  this 
tends  to  be  counterbalanced  by  increased  diffusion  and  the  higher  mass  addition 
which  displaces  the  discriminating  streamline  outward.  The  experiments  show 
that,  in  this  case,  the  net  effect  is  small. 
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TASK  Ill 

BEHAVIOR  OF  ALUMINUM  IN 
SOLID  PROPELLANT  COMBUSTION 

E.  W.  PRICE,  R.  K.  SIGMAN 

A.  Research  Objectives 

The  objectives  of  this  task  were  to  gain  understanding  and  improved  control 
of  combustion  of  the  aluminum  ingredient  in  solid  propellant,  and  of  the  aluminum 
effect  in  overall  propellant  combustion.  In  practical  terms,  this  relates  to 
attainment  and  assurance  of  desired  burning  rate,  combustion  efficiency, 
combustor  stability  and  resistance  to  detonation  while  striving  for  high  propellant 
density  and  high  specific  impulse. 

Specifically,  the  objectives  were  to  clarify  the  accumulation  processes  that 
set  the  stage  on  the  propellant  burning  surface  for  formation  of  ’’large" 
agglomerates  of  aluminum,  and  clarify  the  conditions  for  ignition-agglomeration, 
the  nature  and  combustion  of  agglomerates,  and  the  nature  of  the  oxide  product 
population. 

B.  Progress  and  Significant  Accomplishments 

Much  of  the  research  conducted  under  this  Task  is  reported  in  the 
publications  listed  under  section  C.  In  the  following,  a  series  of  subsections  report 
collectively  on  all  phases  of  the  research,  in  order  to  provide  a  complete  summary. 
Those  phases  of  the  research  that  were  not  reported  previously  are  covered  in 
relatively  greater  detail  for  completeness. 


INTRODUCTION 


Metal  powders  are  used  as  fuel  components  in  solid  propellants  because  of 
their  high  density,  and  high  heat  release  when  burned.  The  metals  have  other 
benefits  as  well,  such  as  suppression  of  combustion  instability,  modification  of 
burning  rate,  reduction  of  sensitivity  to  detonation,  favorable  supply,  etc.  These 
advantages  are  not  all  applicable  to  all  metals  in  all  rocket  motors  in  all 
applications.  Indeed,  for  rocket  motor  applications,  only  aluminum  powder  has  seen 
widespread  use.  Even  aluminum  has  been  considered  disadvantageous  in  some 
applications,  particuarly  those  in  which  the  smoky  exhaust  trail  of  aluminized 
propellants  compromises  system  effectiveness  too  severely.  However,  aluminum 
(and  possibly  other  metals)  is  a  highly  desirable  ingredient  in  many  applications,  and 
is  the  second  most  plentiful  ingredient  in  roughly  50%  of  all  propellant 
manufactured. 

The  advantages  and  disadvantages  of  aluminum,  both  real  and  potential, 
depend  to  a  significant  degree  on  the  details  of  combustion  of  the  aluminum. 
Combustion  behavior  is  in  turn  relatively  complex  compared  to  other  propellant 
ingredients,  a  circumstance  resulting  from  the  low  volatility  of  the  metal  and  its 
oxide.  The  fine  metal  particles  go  through  a  complex  accumulation-concentration- 
agglomeration  on  the  propellant  burning  surface,  yielding  relatively  large  and  slow- 
burning  droplets.  The  combustion  behavior,  and  nature  of  the  oxide  products,  are 
sensitive  to  details  of  the  propellant  and  motor,  and  are  difficult  to  predict  in 
advance  of  testing  the  all-up  system.  Because  of  this,  a  number  of  efforts  have 
been  mounted  in  the  past  to  achieve  better  understanding  and/or  engineering 
characterization  of  aluminum  behavior  in  propellant  combustion,  and  its  effect  on 
system  performance.  The  present  study  has  been  aimed  at  understanding  the 
detailed  processes  that  determine  the  behaviOT  of  aluminum  in  the  rocket  motor, 
using  methods  that  provide  information  at  the  microscopic  level  of  the  aluminum 
particles,  agglomerates  and  oxide  product  droplets.  Such  understanding  provides 
the  basis  for  more  rational  "design"  of  propellant  formulation,  prediction  of 
performance,  and  manipulation  of  design  to  achieve  best  performance. 

In  the  interests  of  perspective,  the  combustion  "metabolism"  of  aluminum  is 
outlined  in  Fig.  1,  which  shows  the  routes  by  which  ingredient  aluminum  particles  in 
propellants  can  progress  to  their  final  reaction  products  (the  figure  is  based  on  the 
usual  case  where  the  products  are  molten  Al^Oj),  For  any  given  propellant,there  is 
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SMALL  PARTICLES  BURN  OUT 
FIRST,  LEAVING  SMOKE  OXIDE 
AND  SMALL  RESIDUAL  OXIDES 


LARGE  AGGLOMERATES 
BURN  OUT  LATE,  LEAVING 
SMOKE  OXIDE  AND  LARGE 
.  RESIDUAL  OXIDES 


Fig.  i  Alternative  paths  of  aluminum  behavior  in  the  combustion  zone.  The  path 
emphasized  by  the  heavy  line  is  most  typical  with  ammonium  perchlorate- 
hydrocarbon  binder  propellants. 
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a  "most  typical"  route,  but  some  of  the  particles  follow  other  routes,  giving  a 
statistical  array  of  behavior.  However  under  most  conditions,  aluminum 
concentrates  on  the  burning  surface  (Fig.  2);  agglomerates,  ignites  and  detaches 
from  the  surface  as  a  single  complex  event  (Fig.  3);  burns  as  50  -  300  jim  diameter 
agglomerates  while  moving  away  from  the  burning  surface  (Fig.  4);  forms  a  fine 
AI2OJ  smoke  (  2  M^m)  in  a  flame  envelope  about  the  agglomerate  (Fig.  5); 

concurrently  accumulates  oxide  on  the  surface  of  agglomerates  that  ends  up  as 
"residual"  oxide  droplets  in  the  5  -  100  P-m  range  when  the  agglomerates  burn  out 
(Fig.  6).  This  sequence  is  noted  by  the  heavy  lines  in  Fig.  1. 

It  is  this  detailed  behavior  that  determines  the  effect  of  aluminum  on  such 
combustion  variables  as 

propellant  burning  rate 
combustion  stability 
combustion  efficiency 
combustion  quenching 
aluminum  slag  residue 

and  such  oxide  product  effects  as 

two-phase  flow  in  the  combustor  and  nozzle 

thrust  efficiency 

component  erosion 

damping  of  combustor  oscillations 

oxide  slag  residue. 

The  combustion  studies  seek  to  understand  the  accumulation-concentration- 
agglomeration-ignition-detachment-agglomerate  combustion  sequence  by  studies 
that  clarify  these  individual  steps.  This  involves  consideration  of  the  original 
distribution  of  aluminum  particles  in  the  propellant  microstructure;  the  relative 
dimensions  of  the  combustion  zone  and  the  particulate  ingredients;  the  forces 
conducive  to  retention  and  concentration  of  aluminum;  the  conditions  that  delay 
ignition  during  concentration;  the  processes  that  connect  accumulated  particles  and 
set  the  stage  for  coalescence;  the  conditions  that  eventually  break  down  sintered 
surface  accumulations  and  cause  agglomeration,  ignition  and  detachment  from  the 
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Fig.  5  Illustration  of  smoke  oxide  formation  in  the  detached  flame  around  the 
agglomerate. 

a)  Aluminum  droplet  with  oxide  lobe  and  smoke  cloud  deposited  on  a  quench 
plate  in  an  experiment  burning  single  aluminum  particles  in  air  at  1  atm  (photo  by 
Prentice,  NWC). 

b)  Burning  aluminum  agglomerate  observed  in  high  speed  photography  of 
propellant  combustion. 
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burning  surface;  and  the  combustion  of  agglomerates  in  the  gas  flow  field.  While  it 
is  not  practical  to  seek  complete  understanding  of  all  these  complex  processes,  it  is 
also  not  practical  to  ignore  any  of  them  because  they  are  "branch  points"  for  the 
alternative  paths  in  Fig.  1,  and  each  branch  point  can  exercise  decisive  effects  on 
combustion.  The  present  investigations  have  sought  to  clarify  these  branch  points, 
establish  their  roles  at  the  microscopic  level  in  real  propellant  combustion,  and 
thus  provide  the  basis  for  understanding  the  relation  between  conventional 
propellant  variables  (composition,  particle  size)  and  macroscopic  combustion 
behavior  (burning  rate,  stability,  combustion  efficiency,  etc.).  The  discussion  in  the 
following  seeks  (in  the  first  sections)  to  develop  the  arguments  and  summarize  past 
results  into  a  connected  account  of  how  eduminum  behaves  as  it  "moves  through" 
the  combustion  wave.  These  sections  are  followed  by  accounts  of  several 
supporting  studies  that  have  not  been  reported  previously.  These  studies  were 
carried  out  as  part  of  the  basic  study,  and  in  part  to  explore  potentially  useful  ideas 
emerging  from  the  study  (e.g.,  modifications  of  aluminum  powder  to  control 
agglomeration,  and  use  of  high  aluminum-content  propellants). 
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PROPELLANT  MICROSTRUCTURE 


Typical  composite  propellants  are  made  with  oxidizer  as  a  primary 
particulate  ingredient  (70  -  75%  by  weight  for  aluminized  propellants),  with 
particles  ranging  from  6  -  600  m-  m  (mass  average  100  l^m).  Aluminum  particles  are 
typically  16%  by  weight,  in  the  size  range  5  -  <f0  m.  The  balance  of  the  mass  (10  - 
15%)  is  typically  a  polymeric  material.  In  order  to  achieve  a  near-stoichiometric 
mixture,  the  binder  content  is  made  as  low  as  possible  consistent  with  acceptable 
processing  characteristics  and  physiccd  properties  of  the  propellant.  To  achieve 
this,  the  size  distribution  of  the  particulate  ingredients  is  normally  chosen  rather 
carefully  so  as  achieve  dense  particle  packing  and  minimize  packing  voids  that  that 
yield  locally  high  concentrations  of  binder.  On  the  other  hand,  it  is  required  that 
the  surface  of  all  particles  be  "wetted"  by  binder  in  order  to  get  acceptable 
mechanical  properties,  so  all  particles  are  surrounded  by  binder.  In  meeting  all 
these  requirements,  propellant  processors  have  to  limit  the  "smallness"  of  particles 
(total  surface  area)  to  avoid  processing  problems  (e.g.,  viscosity  of  the  uncured 
mix).  The  net  result  is  reflected  in  the  typical  figures  noted  above,  but  with 
oxidizer  partici**  blends  involving  two  to  four  different  sizes,  a  substantial  portion 
being  in  the  course  component  (e.g.,  200  -  400). 

Given  the  foregoing  practical  realities  and  trade  practices,  a  typical 
propellant  looks  like  that  shown  in  Fig.  7.  An  aggregate  of  coarse  oxidizer 
particles  is  set  in  a  "sponge"  of  binder  and  finer  oxidizer  and  aluminum  particles. 
In  a  low  burning  rate  propellant,  the  coarse  particles  will  be  more  densely  packed 
(and  F>ossibly  larger),  with  the  "sponge"  being  correspondingly  more  tenuous  and 
containing  less  fine  oxidizer.  Because  the  aluminum  particles  are  normally 
relatively  small  in  both  size  and  total  volume,  they  can  be  pictured  as  being  part  of 
the  sponge.  Thus  the  aluminum  is  not  homogeneously  distributed  on  the 
dimensional  scale  of  the  oxidizer  particles,  being  located  in  that  30  -  50%  of  the 
volume  occupied  by  the  sponge.  That  volume  is  very  fuel  rich,  containing  only 
about  30%  of  the  oxidizer  in  a  propellant  that  is  already  fuel  rich  in  overall 
formulation. 

When  a  propellant  burns,  a  burning  front  propagates  through  the  matrix,  with 


Fig.  7  Illustration  of  propellant  microstructure.  Scanning  electron 
microscope  picture  of  a  surface  produced  by  breaking  the  propellant 
(to  show  structure). 
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the  burning  surface  representing  a  sort  of  "cross  section"  of  the  propel 
microstructure  (Fig.  8).  Oxidizer  particles  are  readily  visible,  as  is  the  "crosr 
section"  of  the  sponge  (in  Fig.  8  a  nonaluminized  propellant  wcis  used  to  enhance 
the  visibility  of  sponge  structure).  The  binder  area  of  the  surface  is  revealed  as  a 
tenuous,  interconnected  structure  with  occasional  patches  of  larger  dimensions 
corresponding  to  voids  or  "pockets"  in  the  packing  pattern  of  the  larger  oxidizer 
particles.  These  pockets  may  contain  smaller  oxidizer  particles,  which  are  often 
difficult  to  distinguish.  A  similar  structure  is  revealed  with  aluminized  propellants, 
but  the  sponge  pattern  is  usually  dominated  on  the  burning  surface  by  aluminum 
particles  (Fig.  9).  The  aluminum  presents  an  appearance  of  an  interconnected 
array,  which  to  some  extent  is  a  reflection  of  its  actual  distribution  in  the 
propellant  (i.e.,  as  part  of  the  sponge).  However,  the  distribution  of  the  aluminum 
is  critically  dependent  on  its  particle  size  relative  to  the  coarser  AP  particles. 
Very  fine  aluminum  can  be  uniformly  dispersed  in  the  sponge,  but  coarser  aluminum 
particles  will  be  isolated  from  each  other  because  they  will  not  fit  in  the  thinner 
elements  of  the  sponge  structure.  Thus  aluminum  may  be  localized  in  the  thicker 
sponge  components  corresponding  to  oxidizer  packing  voids  (referred  to  in  this 
report  as  "binder  pockets").  The  degree  of  interconnectedness  between  these 
aluminum  concentrations  will  depend  on  the  size  of  aluminum  particles  and  their 
corresponding  ability  to  "fit"  in  the  connective  structure  of  the  sponge  between 
pockets.  These  circumstances  are  important  because  they  affect  the  continuity  of 
the  aluminum's  array  on  the  burning  surface,  which  in  turn  affects  the  opportunity 
for  coalescence  between  pocket  concentrations  of  aluminum. 

As  noted  earlier,  oxidizer  is  usually  present  as  a  blend  of  particle  sizes.  The 
smaller  fraction  typically  has  a  particle  size  of  the  same  order  as  the  cduminum 
(this  was  the  case  for  the  propellant  in  Fig.  9).  Thus  arguments  regarding  the 
distribution  of  aluminum  particles  in  the  sponge  apply  also  to  the  finer  part  of  the 
oxidizer  particle  population.  As  noted  earlier,  this  means  that  the  aluminum 
containing  part  of  the  sponge  contains  also  oxidizer,  yielding  a  very  fuel-rich 
propellant  (which  will  ordinarily  not  burn  unaided).  Obviously  the  distributions  of 
fine  oxidizer  and  2duminum  in  the  sponge  are  amenable  to  some  delicate  tailoring 
by  careful  particle  size  tailoring,  but  the  size  distributions  ordinarily  available  are 
too  broad  for  such  "fine  tuning"  of  microstructure,  and  the  effects  on  combustion 
are  consequently  unevaluated. 

In  the  present  work,  particle  size  has  been  one  of  the  principal  variables  in 
experiments.  The  foregoing  description  of  microstructure  was  evolved  as  a 


consequence  of  efforts  to  understand  results  of  tests,  and  '<  basis  for  design  of 
test  experiments.  In  hindsight,  the  description  is  fairly  obviou  ^  nd  a  key  element 
of  the  description  (the  concept  of  pockets)  was  presented  by  one  of  the  authors 
earlier  (Ref.  1).  The  more  elaborate  description  presented  here  is  designed  to 
accomodate  a  more  detailed  understanding  of  aluminum  behavior  described  in  the 
following. 
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PRE- AGGLOMERATION  BEHAVIOR  OF  ALUMINUM* 

There  is  very  little  controversy  over  the  thesis  that  aluminum  forms 
agglomerates  near  the  propellant  burning  surface,  but  there  have  been  a  variety  of 
proposals  as  to  what  processes  lead  to  agglomeration.  These  different  proposcils  do 
not  represent  a  controversy  so  much  as  divergent  efforts  to  produce  tractabie 
ideaiized  modeling  schemes  from  which  agglomeration  behavior  can  be  calculated 
(Ref.  2-<i).  The  experimental  evidence  is  largely  in  the  form  of  combustion 
photography  (which  doesn't  get  published),  and  more  controlled  studies  of  response 
of  aluminum  powders  to  heating  (avaiiable  in  diverse  sources  (Ref.  5)).  In  addition, 
some  idea  of  intermediate  steps  leading  to  agglomeration  can  be  gained  from 
examination  of  quenched  burning  surfaces.  These  methods  have  eill  been  used  in 
one  or  more  of  past  studies  and  the  present  study.  The  general  interpretation  is 
relatively  unambiguous,  and  is  summarized  in  the  following. 

Aiuminum  is  seen  to  accumulate  on  the  propellant  burning  surface,  often 
residing  there  for  much  longer  times  than  required  for  the  burning  surface  to 
recede  past  the  particles.  In  other  words,  particles  typically  adhere  to  the  surface. 
Mobility  is  typicaily  low,  consistent  with  an  "adhesive"  surface  retention.  Knowing 
tfie  propellant  microstructure,  it  is  evident  that  most  adhering  particles  on  a 
receding  surface  wili  be  joined  by  underlying  particles.  This  in  turn  implies  that 
accumulation  and  concentration  of  aluminum  particles  will  normally  occur,  an 
implication  supported  by  countless  observations  by  combustion  photography  and 
quenched  sample  studies.  Low  volatility  of  the  metal,  protective  nature  of  the 
oxide  skin,  and  initially  low  local  concentration  of  oxidizing  species  prevent 
ignition  of  the  metal  during  this  surface  accumulation  (as  seen  later  in  this  report, 
such  accumulation  occurs  without  ignition  even  on  the  burning  surface  of  AP 
oxidizer).  Finally,  it  is  an  observed  fact  that  the  accumulating  particles  eventually 
coalesce  into  agglomerates,  implying  that  concentration  proceeds  to  the  point  of 
contact  between  particles.  Presence  of  relatively  rigid  structures  of  aluminum 
particles  is  manifested  in  combustion  photography  and  quench  tests;  thus  it  is 
evident  that  particle  contact  progresses  to  a  state  of  sintering,  similar  to  that 
resulting  from  controlled  heating  of  aluminum  powder  in  oxidizing  atmospheres. 
Indeed,  acid  etching  of  recovered  accumulates  shows  them  to  consist  of  an 


This  section  is  condensed  from  Ref.  7.  gee  that  reference  for  more  extensive 
illustrations  of  relevant  experimental  results. 
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interconnected  oxide  shell  structure  filled  with  eduminum  (Ref.  5  -  7). 

In  view  of  chaotic  microstructure  of  the  heterogeneous  propellants,  it  is  to  ^2 
expected  that  some  diversity  and  intermittency  of  behavior  would  occur.  Some 
aluminum  particles  leave  the  surface  without  evident  interaction  with  others.  All 
aluminum  eventually  leaves  the  surface,  and  the  extent  of  prior  concentration  and 
sintering  can  only  be  fully  described  with  the  aid  of  statistical  language.  Recalling 
the  earlier  discussion  of  the  implications  of  propellant  microstructure,  the 
statistical  language  of  accumulation,  sintering  and  detachment  must  be  linked  to 
the  statistical  language  of  propellant  microstructure,  and  concepts  such  as 
"pockets",  "bridging"  between  pockets,  and  formation  of  "sintered  filigrees"  are 
terms  used  to  connect  propellant  microstructure  to  the  state  of  connectedness  of 
accumulated  aluminum  on  the  burning  surface.  The  ultimate  size  of  an  accumulate 
is  thus  dictated  to  some  extent  by  the  original  concentration  of  aluminum  m  the 
propellant  microstructure  (pockets)  and  to  some  extent  by  the  spatially  nonuniform 
conditions  that  cause  sintered  structures  to  adhere  to  the  propellant  surface 
without  ignition.  Finally,  ignition  may  precipitate  detachment,  and  the  ultimate 
size  of  the  accumulate  will  in  that  case  be  determined  by  conditions  necessary  for 
ignition.  Recalling  the  earlier  reference  to  the  reluctance  of  aluminum  to  ignite  in 
the  AP  flame,  it  must  be  anticipated  that  ignition  termination  of  surface 
accumulation  may  be  as  dependent  on  propellant  microstructure  as  is  the  pattern  of 
accumulation.  This  will  be  so  when  the  ignition  is  induced  by  the  local  oxidizer- 
binder  flamelets  associated  with  oxidizer-binder  interfacial  regions  of  the  burning 
surface  microstructure.  It  is  in  or  beyond  these  flamelets  that  high  enough 
temperatures  are  reached  to  achieve  ignition  of  sintered  eduminum  accumulates. 
The  process  of  ignition  and  concurrent  agglomeration  is  described  in  the  following. 
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THE  AGGLOMERATION  EVENT 

Agglomeration  takes  place  when  the  progressive  state  of  an  accumulate 
reaches  a  point  where  the  oxide  containment  of  the  molten  aluminum  breaks  down. 
At  this  point,  two  processes  come  precipitously  into  dominance.  The  surface 
tension  of  the  molten  aluminum  causes  the  metal  to  draw  into  a  spherical 
configuration.  Since  the  breakdown  of  the  oxide  containment  does  not  occur 
simultaneously  throughout  the  accumulate,  this  spheroid! zation  is  progressive.  The 
second  process  that  comes  concurrently  into  dominance  is  the  oxidation  rate  of  the 
aluminum  as  it  escapes  the  containment  of  the  existing  oxide  shell.  Thus  it  is 
typical  in  combustion  photography,  under  conditions  favorable  for  good  resolution, 
to  see  areas  of  spheroidization  in  a  surface  accumulate,  accompanied  by  onset  of 
evidence  of  associated  aluminum  vapor  flame  and  telltale  oxide  smoke  trail. 

The  agglomeration  event  can  be  so  rapid  that  it  is  not  resolved  in  photography 
at  a  few  thousand  frames  per  second,  or  it  can  be  fairly  protracted  and  easy  to 
observe  (large  accumulates  at  low  pressure).  The  progressive  nature  of  the  event  is 
obvious  under  favorable  viewing  conditions.  Initiation  appears  to  start  at  locations 
where  the  accumulate  is  best  exposed  to  the  high  temperature  of  the  diffusion 
flame  elements  (AP-binder  flame).  That  region  of  the  accumulate  glows  brightly, 
spheroidizes  and  develops  darker  reflective  areas  that  are  apparently  molten  metal. 
The  smoke  veil  and  trail  develops  over  these  areas  when  they  appear.  At  this  point, 
the  oxide  residue  from  the  spheroidized  portion  is  visible  (at  leeist  in  part)  as  a 
white  glowing  film  over  parts  of  the  sphere,  presumably  molten.  This  is 
accompanied  by  increasing  brightness  of  the  neighboring  portions  of  the 
accumulate.  The  molten  portion  starts  to  coalesce  progressively  into  the  rest  of 
the  accumulate,  at  the  same  time  exhibiting  a  loss  of  any  other  attachment  to  the 
propellant  surface.  Under  the  conditions  that  give  good  resolution  of  these 
progressive  features,  the  surface  accumulation  of  aluminum  is  usually  widely 
interconnected,  so  that  the  propagative  aspect  of  a  coalescence  is  relatively 
visible.  Indeed,  some  investigators  who  observed  the  behavior  without  aid  of  the 
external  illumination  used  to  show  the  nonluminous  part  of  the  accumulate  have 
interpreted  the  behavior  as  indicating  a  freely  rolling  droplet  on  the  propellant 
surface  (without  accompanying  rationale  for  the  long  delay  before  "lift-off"  from 
the  surface).  In  any  case,  the  flaming  agglomerate  eventually  burns  itself  free  of 
surface  attachment  and  moves  away  in  a  near  spherical  condition  (Fig.  4),  typically 
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showing  burning  metallic  areas;  bright  molten  oxide  areas;  and  often  darker  or 
orange  irregular  areas  of  not  yet  melted  material  at  the  last  point  of  contact  of  the 
droplet  with  the  propellant  surface.  This  is  in  effect  the  birth  of  an  agglomerate, 
whose  individual  identity  remains  until  burnout  somewhere  in  the  flow  field.  Such 
an  agglomerate  is  typically  10  times  the  diameter  of  the  original  ingredient 
aluminum  particles,  implying  an  agglomeration  of  1000  particles. 

The  foregoing  description  is  based  on  interpretation  of  combustion 
photography,  aided  by  a  good  deal  of  prior  knowledge  of  the  nature  of  surface 
accumulates,  the  propellant  combustion  zone,  and  aluminum  combustion.  It  is 
basically  a  visualization  of  the  agglomeration,  seen  from  the  outside.  What's 
happening  inside  the  coalescing  mass,  how  does  it  affect  the  process,  and  what  is 
the  end  effect  on  the  fully  developed  agglomerate?  This  can  be  inferred  from  the 
nature  of  the  situation,  properties  of  materials  involved,  and  the  externally 
observable  behavior. 

When  the  accumulate  first  starts  to  break  down  and  coalesce,  it  is  a 
ncnuniformly  preheated  structure  consisting  of  an  intricate  solid  oxide  encasement 
of  liquid  aluminum.  The  metal  of  the  original  aluminum  particles  is  probably 
mostly  still  unconnected,  any  contact  points  having  oxidized  to  form  the  connected 
accumulate  structure.  Any  localized  breakdown  of  the  oxide  leading  to  onset  of 
coalescence  is  initially  insulated  from  the  overall  accumulate  by  the  rigidity  emd 
low  thermal  conductivity  of  the  oxide  containment  structure.  However,  the  rise  in 
local  heat  release  due  to  the  flame  around  the  coalescing  aluminum  at  the  initied 
breakdown  point  melts  the  oxide  locally,  assuring  continued  and  spreading  reaction 
of  aluminum. 

As  the  oxide  shell  structure  breaks  down,  it  is  swept  up  by  the  coalescing 
aluminum  in  the  form  of  thin  (sub  micron)  solid  and  melting  sheets  with  varying 
degree  of  connectedness.  Insoluble  in  the  liquid  cduminum,  the  oxide  will  be  partly 
trapped  in  the  interior  of  the  agglomerate,  and  partly  left  as  melting  surface 
aggregations  remaining  after  withdrawal  of  coalescing  eiluminum  (Fig.  10  a).  The 
quenched  agglomerate  in  Fig.  10  b  shows  the  tendency  of  the  aluminum  to 
spheroidize  when  the  accumulate  is  not  yet  fully  molten  in  the  interior.  Fig.  3 
shows  the  tendency  for  much  of  the  initial  oxide  to  be  left  as  a  melting  aggregate 
on  the  agglomerate  surface.  This  external  residue  is  the  source  of  part  of  the  oxide 
typically  present  as  an  oxide  lobe  on  a  fully  burning  agglomerate  (Fig.  k).  Acid 
etching  of  such  agglomerates  after  quench-collection  reveals  the  presence  of  a 
complex  interior  oxide  structure  (Fig.  11),  probably  evolved  from  the  accumulate 


Fig.  10  Transition  from  accumulate  to  agglomerate. 

a)  Accumulate  with  sites  where  coalescence,  burning  and  oxide  lobe 
formation  have  occurred. 

b)  Spherc’dization  is  largely  complete,  but  not  all  original  oxide  has  yet 
melted. 


Fig.  11  Flake  oxide  in  the  interior  of  the  aluminum  portion  of  an 
agglomerate  (revealed  by  acid  etching).  (From  ethanol  plume  quench 
test  at  1  atm.) 
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oxide  that  was  trapped  in  the  agglomerate  during  coalescence  of  the  accumulate. 
Since  the  temperature  of  the  burning  agglomerates  is  above  the  melting  point  of 
the  oxide,  that  oxide  in  the  interior  presumably  survived  as  liquid  sheets  that 
solidified  to  the  form  in  Fig.  11  during  quenching.  There  is  some  evidence  that  the 
amount  and  structure  of  interior  oxide  is  dependent  on  the  abruptness  of  the 
agglomeration  event,  suggesting  that  the  aluminum  coalescence  would  exclude  the 
oxide  if  it  were  completely  free  to  flow.  Thus  agglomerates  formed  in  the  argon 
atmosphere  in  a  hot  stage  microscope  have  little  or  no  oxide  trapped  in  the  interior 
(Ref.  7,8).  Combustion-produced  agglomerates  are  observed  in  the  present  studies 
to  have  more  interior  oxide  if  formed  in  high  pressure  burning.  The  differences  are 
conspicuous  when  one  tries  to  cut  the  quenched  agglomerate:  "high  pressure" 
agglomerates  are  brittle  and  give  ragged  cut  surfaces,  while  "low  pressure" 
agglomerates  are  soft,  and  cut  smoothly.  Thus  it  seems  clear  that  the 
agglomeration  is  a  dynamic  event  that  yields  a  product  that  is  dependent  on  a  large 
complex  of  conditions.  Indeed,  the  agglomerate  may  contain  also  carbon,  nitrogen 
and/or  chlorine  and  their  compounds,  probably  only  in  small  quantities. 

A  point  of  particular  interest  regarding  the  agglomeration  event  is  its 
relation  to  ignition  of  the  aluminum.  Under  most  conditions,  agglomerates  are 
already  burning  at  the  moment  of  detachment  from  the  propellant  surface.  When 
ingredient  aluminum  particles  of  agglomerate  size  are  used  in  a  propellant,  they 
usually  ignite  some  distance  from  the  burning  surface  (and  in  some  laboratory 
experiments,  fail  to  ignite  at  all).  This  point  may  seem  unimportant,  since 
ingredient  aluminum  particles  of  a  size  comparable  to  that  of  typical  agglomerates 
are  usually  not  used  in  practical  situations.  The  importance  lies  in  the 
demonstration  that  the  agglomeration  process  is  an  exothermic  process,  occurring 
in  a  loosely  connected  filigree  on  the  propellant  burning  surface.  Further,  it  is  the 
initiation  point  of  the  sustained  burning  of  the  aluminum.  Its  responsiveness  to 
combustor  flow  conditions  (Ref.  9)  and  gas  flow  oscillations  (Ref.  10)  is  likely  to  be 
a  factor  in  erosive  burning,  g-force  effects  (Ref.  11),  slag  retention,  combustor 
stability,  propellant  quench  limits,  combustion  efficiency,  and  product  oxide 
droplet  size  role  in  two-phase  losses. 
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NATURE  AND  COMBUSTION  OF  AGGLOMERATES 

The  foregoing  sections  have  described  how  eduminum  agglomerates  are 
formed  in  the  propellant  combustion.  Much  of  that  information  was  drawn  from 
earlier  research  on  this  and  other  projects.  A  substantial  part  of  recent  effort  on 
this  project  has  been  on  the  nature  of  the  agglomerates  and  their  combustion  and 
(next  section)  on  the  nature  of  the  oxide  droplets  formed  during  combustion.  This 
work  was  reported  in  Ref.  7,  and  is  presented  here  in  summary  form. 

Test  Methods 

Experimental  studies  were  based  on  anadysis  of  samples  collected  in  the 
outflow  from  the  burning  surface  of  reed  and  model  propellants.  Collection  was 
accomplished  by  directing  the  flow  from  the  burning  surface  into  a  pool  of  ethanol. 
The  method  quenches  burning  agglomerates,  and  collects  most  of  the  condensed 
material  in  the  flow  except  the  fine  oxide  smoke  formed  in  the  flame  envelope  of 
the  burning  agglomerates  (mass  of  that  smoke  is  calculated  from  mass  and 
composition  of  the  original  sample  and  collected  sample).  The  collected  samples 
were  subjected  to  a  variety  of  analyses,  including:  particle  size  analysis; 
determination  of  unreacted  aluminum  content;  microscopic  examination;  and 
determination  of  interior  structure  by  cleaving,  breaking,  acid  etching  and  heat 
treatment.  Such  studies  were  made  as  a  function  of  distance  from  the  propellant 
surface,  pressure,  and  propellant  formulation  variables.  The  objective  was  to 
reconstruct  from  quench  sample  data  the  combustion  history  of  agglomerates. 

Trends  of  Agglomerate  Populations 

When  samples  are  quench-collected  close  to  the  propellant  burning  surface 
(1.5  cm),  they  are  mostly  aluminum  (low  pressure  tests),  consisting  of  a  wide  size 
range  of  agglomerates  with  small  transparent  oxide  lobes.  At  greater  distance 
from  the  propellant  surface,  the  oxide  lobe  portion  of  each  agglomerate  becomes 
relatively  large  (Fig.  12),  and  a  variety  of  small  residual  oxide  particles  appear  in 
the  collected  samples  (remnants  of  burnout  of  the  initially  small  agglomerates). 
Figure  13  shows  a  typical  sequence  of  agglomerate  mass  size  distributions 
corresponding  to  quenches  at  increasing  distances  from  the  burning  surface.  The 
area  under  the  curves  is  indicative  of  the  total  weight  of  the  agglomerates  in  the 
quench  sample  (including  oxide  on  the  agglomerates,  but  excluding  oxide  particles). 


Fig.  12  Comparison  of  agglomerates  at  different  quench  distances,  illustrating 
growth  of  relative  size  of  the  oxide  lobe  (test  pressure  1  atm).  The  smooth  lobe 
-''!de.  a)  1.5  cm;  b)  10  cm;  c)  30  cm. 
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It  is  interesting  to  note  that  the  size  distribution  doesn't  change  much  with  burning 
distance,  although  each  particle  is  getting  smaller  and  the  total  mass  is  decreasing. 
This  relatively  constant  size  distribution  of  the  agglomerate  population  was  noted 
earlier  in  an  analytical  study  of  burning  agglomerate  populations  (Ref.  12),  and  is 
due  in  part  to  the  nature  of  the  origined  size  distribution,  and  in  part  to  the  fact 
that  some  of  the  burned  aluminum  is  retained  on  the  agglomerate  in  oxide  form, 
with  weight  gain  due  to  the  oxygen  uptake.  Some  idea  of  agglomerate  burning  rate 
can  be  obtained  from  the  curves  in  Fig.  13,  in  which  the  total  agglomerate  sample 
weight  at  a  quench  distance  of  1.5  cm  is  about  40%  of  the  origincd  aluminum 
weight,  so  that  a  combustion  efficiency  of  about  70%  is  reached  at  1.5  cm  from  the 
propellant  surface  (0.7  MPa  test).  From  estimates  of  flow  velocity,  this 
corresponds  to  0.005  sec  of  burning,  assuming  the  agglomerate  started  burning 
when  it  left  the  burning  surface. 

The  actual  aluminum  combustion  rate  was  determined  by  chemical  analysis  of 
the  quenched  samples  obtained  at  different  quench  distances.  The  samples  were 
analyzed  by  dissolving  the  unreacted  aluminum  in  HCl,  and  comparing  the  weight  of 
washed  and  dried  samples  before  and  after  removal  of  the  dissolved  aluminum. 
Results  of  such  tests  are  summarized  in  Fig.  14-16,  which  show  the  decrease  in 
unburned  aluminum  with  increasing  quench  distance  in  atmospheric  pressure  tests 
on  several  propellants.  The  principal  features  of  these  results  are: 

1.  An  initially  rapid  decrease  in  unbumed  aluminum  (high  aluminum 
consumption  rate),  which  presumably  reflects  bum-up  of  the  smaller 
agglomerates  and  unagglomerated  particles. 

2.  A  drop-off  in  combustion  rate,  to  a  rather  low  rate  by  10  cm  from  the 
burning  surface,  reflected  in  quenched  samples  consisting  of  agglomerates 
that  now  have  relatively  large  oxide  lobes. 

3.  A  significant  dependence  of  the  observed  aluminum  level  on  propellant 
and  test  variables  (Fig.  15, 16),  in  the  slow  burning  "tail  off"  phase. 

Discussion  of  Results  and  Outstanding  Issues  Regarding  Agglomerate  Population 
The  foregoing  results  are  qualitatively  consistent  with  the  agglomerate  size 
distribution  effects  in  Fig.  13  and  with  earlier  calculations  of  burning  of  droplet 
populations  (Ref.  12).  However  the  results  raise  a  number  of  questions  that  are  the 
objects  of  continued  study.  Some  of  the  questions  relate  to  available  experimental 
methods,  which  are  only  marginally  adequate  for  quantitative  work.  These 
questions  merit  some  discussion. 
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On  the  fundamental  side,  relatively  little  is  known  about  the  roles  of  the 
various  oxidizing  species  present  in  the  propellant  combustion  environment,  and 
how  they  affect  aluminum  combustion.  This  means  that  the  relevance  of  much  past 
research  on  aluminum  combustion  is  uncertain.  Likewise,  relatively  little  is  known 
about  the  combustion  of  aluminum  droplets  with  the  large  oxide  accumulation 
present  in  the  latter  part  of  burning  of  agglomerates  (e.g.,  beyond  5  cm  quench 
distance  in  Fig.  14  a).  Little  is  known  about  combustion  of  any  aluminum  droplets 
in  the  fuel-rich,  high  temperature  conditions  present  in  the  propellant  combustion 
environment  at  locations  where  the  larger  oxide-loaded  agglomerates  complete 
their  burning.  These  conditions  of  oxide-burden  and  low  oxidizer  concentration  are 
not  very  favorable  for  bumup  of  large  agglomerates,  and  this  is  no  doubt  a  factor  in 
the  "tail-off"  of  the  curves  in  Fig.  14.  It  is  also  the  key  to  the  question  of  aluminum 
combustion  efficiency  in  motors,  since  it  is  this  prolonged  phase  of  combustion  that 
might  not  go  to  completion  in  a  rocket  motor.  In  this  connection,  one  would 
anticipate  that  the  outcome  in  the  rocket  motor  would  be  quite  sensitive  to  such 
variables  as  aluminum  agglomeration,  propellant  stoichiometry,  pressure, 
convective  flow  situations  and  motor  stay  time.  These  trends  are  implied  by 
results  of  the  present  experiments,  and  generally  recognized  by  motor  developers. 

Regarding  the  adequacy  of  the  quenching  experiment,  the  more  serious 
limitations  are  most  manifest  in  the  same  "tail-off"  region  that  controls 
combustion  efficiency.  At  low  pressures,  experiments  are  appreciably  non- 
adiabatic  and  the  temperature  tends  to  drop  off  in  the  flow  away  from  the 
propellant  surface  even  while  the  aluminum  is  still  burning  (Ref.  13).  This  is 
presumably  due  in  part  to  the  very  effects  one  is  anxious  to  study;  retardation  of 
reaction  rate  by  depletion  of  oxidizing  species  and  encroachment  of  oxide  on  the 
agglomerate  surfaces.  Under  some  conditions,  the  agglomerate  temperature 
apparently  falls  below  the  oxide  freezing  point,  a  situation  that  virtually  arrests 
agglomerate  burning.  At  this  point  in  the  laboratory  experiment  the  simulation  of 
^he  nearly  adiabatic  rocket  motor  environment  is  totally  broken  down.  This 
situation  appears  to  have  happened  in  the  case  of  atmospheric  pressure  tests  on 
UTP  3001  propellant  shown  in  Fig.  14,  in  which  combustion  of  aluminum  seems  to 
have  ceased  at  about  55%  burned  (top  curve).  Visual  examination  of  samples  shows 
little  change  in  appearance  of  agglomerates  beyond  5  cm.  In  an  earlier  study  (Ref. 
13)  of  this  same  propellant  in  a  similar,  but  larger,  experimental  apparatus  (lower 
proportional  heat  loss),  the  agglomerate  combustion  rate  was  also  low,  but  did  not 
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appear  to  be  arrested.  Likewise,  there  is  no  evidence  of  arrested  burning  of 
agglomerates  in  the  service  rocket  motor.  Thus  the  apparent  cessation  of 
agglomerate  burning  in  the  atmospheric  pressure  tests  on  UTP  3001  propellant 
apparently  reflects  poor  simulation  of  rocket  motor  behavior  late  in  agglomerate 
burning,  aggravated  in  this  case  by  the  low  pressure  of  these  tests  and  relatively 
poor  stoichiometry  of  this  propellant  (16%  binder).  As  can  be  seen  in  Fig.  16,  the 
combustion  efficiency  is  much  better  at  0.7  MPa  (100  psi),  and  a  similar  pressure 
dependence  is  evident  with  the  other  propellants  noted  in  Fig.  15  and  16. 

In  Fig.  14  there  are  two  curves  for  UTP  3001  prop>ellant.  The  lower  curve 
resulted  from  use  of  a  modified  method  for  determination  of  free  aluminum  in  the 
quenched  sample.  The  original  method  depended  on  determining  the  weight 
reduction  when  aluminum  was  removed  by  acid  dissolution  and  washing.  The  second 
method  amounted  to  direct  determination  of  the  aluminum  weight  dissolved,  by 
analysis  of  the  acid  solution.  This  method  yielded  lower  values  of  free  aluminum 
content  in  the  samples.  This  result  implies  that  the  original  weight  change  method 
measures  something  more  than  just  free  aluminum.  As  will  be  noted  later,  the 
aluminum  lobe  of  the  agglomerate  contains  a  delicate  structure  of  oxide  flakes, 
that  breaks  up  and  is  lost  during  acid  dissolution  and  washing.  Consequently  the 
weight  change  method  measures  the  sum  of  free  aluminum  and  flake  oxide.  This 
appears  to  account  for  the  difference  in  indicated  free  aluminum  as  determined  by 
the  two  methods,  and  provides  also  an  estimate  of  flake  oxide  weight.  Since  the 
other  data  in  the  figures  (14-16)  are  all  by  the  weight  difference  method,  it  may  be 
assumed  that  the  free  aluminum  is  consistently  less  than  the  indicated  values. 

One  farther  experimental  problem,  applicable  particularly  to  short  quench 
distances  and  fast-burning  samples,  is  related  to  determination  of  the  actual  time- 
to-quench.  As  noted  in  Ref.  12,  large  agglomerates  do  not  come  up  to  speed  as  fast 
as  small  ones  when  they  leave  the  propellant  surface.  (Fig.  17  shows  the  result 
from  Ref.  12.)  Further,  the  actual  distance  to  quench  depends  on  undetermined 
details  of  the  alcohol  behavior  during  the  test.  The  first  of  these  problems  is 
common  to  all  quench  experiments  at  short  quench  distances.  The  second  problem 
is  being  attacked  by  a  modified  design  that  controls  the  location  of  the  alcohol 
surface.  In  the  present  work,  testing  at  high  pressure  would  have  been  more 
extensive  if  these  problems  could  have  been  resolved.  Such  tests  did  provide 
comparative  results  at  different  pressures,  and  provided  information  on  pressure 
effects  on  the  detailed  nature  of  agglomerates  and  oxide  products,  described  in  the 
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following. 

Nature  of  Agglomerates 

In  discussing  combustion  of  aluminum  agglomerates,  it  is  often  assumed  for 
convenience  that  they  are  aluminum  droplets,  or  aluminum  droplets  with  oxide 
lobes.  Experimental  investigators  are  generally  aware  that  the  agglomerates  are 
much  more  complex  (Ref.  14,  15).  These  added  complexities  may  not  be  important 
during  much  of  the  burning  period  of  the  agglomerate,  but  they  merit  study  for  at 
least  two  reasons.  First,  they  provide  information  about  how  agglomerates  etre 
formed.  Second,  the  complexities  become  important  in  the  later,  slow  burning  part 
of  the  agglomerate  burning  history,  and  the  transition  to  residual  oxide  droplets. 

The  external  appearance  of  quenched  agglomerates  was  shown  in  Fig.  12.  The 
trend  with  burning  time  is  qualitatively  independent  of  the  initial  agglomerate  size, 
pressure,  and  propellant  formulation,  except  under  marginad  conditions  noted 
before,  when  the  agglomerate  droplet  temperature  drops  low  enough  to  allow  flame 
collapse  and  oxide  freezing.  Examination  of  the  interior  of  normal  agglomerates 
reveals  a  relatively  complex  structure  (Ref.  7).  Cleaved  agglomerates  show  voids, 
of  non-characteristic  shape,  size  and  location  (Fig.  IS).  Voids  are  larger  in  low 
pressure  tests  and  early  in  burning,  and  usually  include  one  under  the  oxide  lobe 
(making  it  somewhat  like  a  bubble  early  in  burning).  Agglomerates  from 
atmospheric  pressure  tests  are  fairly  soft,  while  agglomerates  from  tests  at  higher 
pressure  are  brittle  and  don't  cut  easily.  These  trends  have  not  been  studied 
thoroughly  (e.g.,  as  a  function  of  propellant  composition).  Void  volume  is  generally 
less  than  15%  of  agglomerate  volume. 

Another  feature  of  the  interior  of  the  aluminum  lobe  of  the  agglomerate  is 
revealed  by  careful  acid  etching  to  remove  the  eduminum.  It  is  found  that  the 
interior  contains  an  intricate  structure  of  oxide  flakes  (mentioned  above  and  in  Fig. 
11,  in  the  discussion  of  free  aluminum  analysis).  These  structures  are  not 
recognizable  in  cleaved  samples,  but  are  evidently  responsible  for  the  brittle 
quality  of  agglomerates  from  quench  tests  at  elevated  pressure.  The  flake 
structure  is  much  more  extensive  in  agglomerates  from  tests  at  elevated  pressure. 

The  inhomogeneous  nature  of  the  aluminum  section  of  the  agglomerate  poses 
two  practical  questions.  Does  it  have  any  significant  effect  on  combustion?  Is  it 
telling  us  something  about  formation  of  agglomerates?  The  answers  are 
speculation  at  present.  As  indicated  in  Fig.  9-11,  the  agglomeration  event  involves 
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the  melt-down  and  coalescence  of  a  very  complex  structure,  under  the  influence  of 
surface  tension  forces  of  the  molten  aluminum.  It  seems  likely  that  this  event 
would  trap  some  solid  oxide  shell  structures  in  the  interior  of  the  agglomerate,  and 
that  this  insoluble  oxide  would  change  to  thin  molten  films  in  the  interior  of  the 
agglomerate.  If  the  melt-down  and  coalescence  of  the  accumulate  is  gradual 
enough,  the  aluminum  probably  withdraws  into  a  sphere  with  the  oxide  changing 
from  a  solid  aggregation  on  the  surface  to  a  molten  oxide  lobe.  At  higher  pressure, 
coalescence  is  more  abrupt,  and  more  oxide  aggregate  is  trapped  inside  the 
agglomerate.  The  test  results  suggest  that  trapped  aggregate  is  first  converted  to 
very  thin  sheets,  which  become  concentrated  as  the  aluminum  burns  away.  If  the 
agglomerate  is  quenched,  the  films  apparently  freeze  into  the  flake  arrays  noted 
above  and  in  Fig.  11.  It  is  surely  these  flakes  that  make  agglomerates  brittle,  and 
account  for  the  contradictory  results  of  the  two  free  aluminum  analysis  methods 
noted  in  Fig.  14.  In  fact,  the  difference  in  indicated  free  aluminum  for  the  two 
UTP  3001  curves  in  that  figure  is  presumably  the  mass  of  the  sample  that  is  flakes. 
These  results  indicate  that  about  45%  of  the  oxide  in  ti.  rample  is  in  the  form  of 
flakes  (UTP  3001  at  1  atm).  As  a  rough  calculation,  one  may  assume  that  half  of  the 
aluminum  in  these  samples  is  in  oxide  form,  that  10%  of  the  oxide  formed  during 
burning  goes  to  the  oxide  lobe,  and  that  the  "flake  oxide"  remains  in  flake  form 
during  burning.  These  assumptions  and  the  observed  ratio  of  flake  to  total 
agglomerate  oxide  indicate  that  the  flake  is  about  5%  of  the  original  agglomerate 
meiss.  This  appears  to  be  consistent  with  the  hypothesis  that  flake  oxide  is  a  relic 
of  all  or  part  of  the  sintered  oxide  containment  structure  of  the  parent  accumulate. 
In  future  work,  this  analysis  will  be  used  to  make  systematic  determinations  of 
flake  mass,  and  see  if  the  trend  with  test  conditions  is  consistent  with  expected 
degree  of  pre-agglomeration  oxide  formation. 

Regarding  the  voids  in  the  agglomerates,  there  is  no  direct  evidence  as  to 
their  source  other  than  the  possibility  of  gas  entrapment  during  coalescence  as 
suggested  by  agglomerates  frozen  during  coalescence  (Fig.  10).  Given  the 
complexity  of  the  accumulate,  the  coalescence  event  and  the  gaseous  environment, 
there  is  no  shortage  of  hypotheses.  There  is  no  clear  evidence  that  the  voids  affect 
burning,  except  as  they  affect  agglomerate  surface  area  to  mass  ratio.  They  will 
cause  agglomerates  to  weigh  less  than  would  be  judged  on  the  basis  of  visual 
(motion  picture)  observations  of  diameter. 

One  final  feature  of  agglomerates  that  needs  description  is  the  appearance  of 
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the  oxide  lobe.  For  agglomerates  quenched  early  in  burning,  the  lobes  are  small 
and  generally  of  a  clear  glassy  appearance.  As  burning  progresses,  the  oxide  lobe 
gets  larger,  and  changes  to  a  glossy  black  appearance.  Lobes  that  are  of 
comparable  size  to  the  aluminum  lobe  (i.e.,  approaching  burnout)  tend  to  be  black, 
especially  in  relatively  fuel-rich  propellants.  It  has  been  suggested  that  the  black 
appearance  is  a  result  of  reduction  of  by  Al,  which  apparently  gives  soluble 

black  suboxide,  a  behavior  observed  in  laboratory  tests  on  laser  heated 
systems  in  argon  atmospheres  (Ref.  15).  This  may  not  be  a  crucial  aspect  of 
combustion,  but  may  explain  the  highly  visible  "black  shiny"  particles  in  quenched 
samples  and  described  in  the  next  section. 

In  this  respect,  it  is  relevant  to  raise  the  question  of  final  fate  of  an 
agglomerate  that  is  near  burnout,  and  dominated  by  the  oxide  lobe  (Fig.  19).  During 
burning,  the  flake  oxide  is  concentrated  in  the  contracting  aluminum  lobe,  and  may 
concurrently  be  reduced  to  lower  oxides  and/or  flow  into  the  oxide  lobe  (or 
neither).  During  this  burnout  stage,  the  state  of  the  droplet's  flame  envelope  is  a 
matter  of  speculation.  The  fragmentation  events  observed  in  many  studies  in  non¬ 
propellant  environments  apparently  do  not  occur,  because  the  number  of  residual 
oxide  droplets  produced  is  comparable  to  the  number  of  agglomerates  burned  out. 
This  does  not  preclude  the  expulsion  of  small  amounts  of  material,  or  retention  of 
some  aluminum,  lower  oxides  of  aluminum,  or  other  unidentified  materials  such  as 
carbides.  This  will  be  discussed  further  in  connection  with  the  nature  of  the  oxide 
particle. 
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Pig.  19  Agglomerates  quenched  near  burnout. 
Atmospheric  pressure  tests. 

a)  As  quenched. 

b)  Acid-etched. 
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PRODUCT  ALUMINUM  OXIDE  PARTICLES 


It  has  often  been  noted  (Ref.  15-17)  that  burning  of  aluminum  droplets  leads  to 
two  kinds  of  oxide  product  droplets,  i.e.,  "smoke"  formed  in  the  flame  envelope  of 
the  aluminum  droplet,  and  "residual  oxide"  droplets  left  over  when  the 
agglomerates  burn  out.  These  are  two  entirely  different  populations  of  droplets, 
the  former  being  generally  less  than  two  microns  in  diameter  and  the  latter  being 
substantially  larger.  Being  governed  by  different  formation  processes,  their  size 
distributions  are  subject  to  entirely  different  constraints.  In  particular,  the 
residual  oxide  droplet  size  distribution  is  linked  to  the  agglomerate  size 
distribution,  and  hence  to  all  the  processes  discussed  above  that  govern 
agglomerate  size. 

The  importance  of  the  combustion-generated  size  distributions  was  noted 
earlier.  The  effects  on  combustor  stability,  component  erosion,  thrust  loss,  etc., 
depend  on  the  details  of  the  size  distribution.  The  effects  cannot  be  fully 
characterized  in  practice  without  consideration  of  subsequent  population  changes  in 
the  combustor  and  nozzle  flow,  a  subject  beyond  the  scope  of  the  present  study. 
However,  calculations  of  populations  in  the  flow  field  cannot  be  made  properly 
without  use  of  correct  starting  populations,  which  are  the  combustion-generated 
ones  discussed  here.  Particular  attention  was  paid  here  to  the  residual  oxide 
droplet  population  because,  although  it  represents  only  10-20%  of  the  total  oxide, 
its  role  in  motor  performance  problems  is  relatively  large,  relatively  unpredictable, 
and  closely  related  to  other  aspects  of  the  present  study. 

Kinds  of  Oxide  Particles  and  Size  Trends 

Quenched  samples  yield  a  variety  of  particles  other  than  agglomerates.  After 
all  the  smoke  particles  were  washed  away  (separated  from  the  larger  particles  by 
repeated  sedimentation-decanting  operations)  the  remaining  particles  consist  of 
(listed  in  order  of  decreasing  size)  agglomerates,  black  shiny  spheres,  white 
spheres,  and  transparent  spheres.  The  external  appearance  of  these  particles  is 
illustrated  in  Fig.  20  (except  agglomerates  discussed  earlier)  The  transparent  oxide 
particles  represent  a  very  small  portion  of  the  mass;  they  are  all  in  the  <  35  m 
diameter  size.  The  size  distributions  of  the  white  oxide  and  black  shiny  particles 
were  determined  on  many  tests,  and  typical  distribution  for  different  quench 
distances  is  shown  in  Fig.  21  (these  examples  are  for  the  same  three  tests  as  Fig. 


Fig.  20  Exterior  appearance  of  oxide 
particles. 

a)  Black  shiny  (2.8  MPa  test), 
b  and  c)White  oxides  (atmospheric,  and 
2.8  MPa  tests  respectively). 

d)  Transparent  oxides  (2.8  MPa  test). 

e)  Smoke  oxide  (2.8  MPa  test). 
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13).  The  size  distributions  were  determined  by  sieve  sizing  and  weighing  the  quench 
sample,  and  then  visually  determining  the  relative  portion  of  agglomerates,  black 
shinies,  and  white  oxides  in  each  size  fraction.  Overall  accuracy  of  the  quench- 
sieve-classification  procedure  was  not  considered  good,  but  adequate  to  establish 
certain  qualitative  features  of  the  size  distributions  that  are  critical  to 
understanding  the  origins  of  different  kinds  of  oxide  particles.  In  general,  it  was 
observed  that  as  quenching  distance  was  increased,  the  total  mass  of  black  shinies 
increased,  but  primarily  by  addition  of  larger  particles.  The  size  of  the  larger 
black  shinies  was  comparable  to  that  of  oxide  lobes  on  those  agglomerates  that 
were  near  burnout.  The  number  of  black  shinies  in  the  smedl  end  of  the  size  range 
often  decreased  with  distance  from  the  burning  surface.  In  contrast,  the  population 
of  the  smaller  white  oxide  particles  increased  over  its  whole  size  range.  At  very 
long  quench  distance  (longer  than  in  Fig.  21),  where  the  agglomerates  are  all  burned 
out,  the  black  shinies  are  few  in  number,  with  no  small  ones.  From  these  trends  it 
was  concluded  that  black  shinies  are  a  transition  state  between  agglomerates  and 
oxide  particles,  reflecting  a  phase  in  conversion  of  the  collected  oxide  (flake,  lobe 
oxide  of  the  "burned  out"  agglomerates  into  pure  oxide  droplets).  This  was  verified 
by  more  detailed  studies  of  the  particles,  described  below.  The  actual  conversion 
process  remains  a  matter  of  speculation. 

Detail  ed-Nature-of -Oxide-Particles 

The  nature  of  the  particles  was  examined  by  microscopic  observation  of  the 
exterior  surface,  and  of  the  interior  as  revealed  by  broken  particles,  and  acid- 
etched  particles.  Black  shinies  were  also  subjected  to  chemical  analysis  for  free 
aluminum,  and  to  controlled  heating  experiments.  The  exterior  appearance  of  the 
oxide  particles  was  shown  in  Fig.  6  and  20.  Black  shinies  are  near  perfect  spheres 
with  glossy  surfaces.  White  oxides  are  round  but  have  surface  features  ranging 
from  striations  to  grainy  surface  to  a  cauliflower-like  exterior,  the  latter 
occurring  at  higher  pressures.  Transparent  oxides  are  roughly  spherical,  and 
smooth. 

When  the  oxide  particles  are  etched  in  HCl  (3%  HCl  in  water  for  prolonged 
periods  of  time)  the  transparent  oxides  show  no  change.  The  white  oxides 
(cauliflower  ones)  show  enhancement  of  surface  recesses,  no  other  change.  The 
black  shinies  show  patches  of  originally  glossy  surface  that  have  become  porous. 
The  free  aluminum  content  of  a  sample  of  black  shinies  was  determined  to  be  2.5%. 
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Black  shinies  turned  white  when  heated  to  1200°C  in  oxygen,  showed  no  change  in 
argon.  Black  shinies  heated  to  1200^0  in  argon  on  a  platinum  surface  showed 
evidence  of  drainage  of  molten  aluminum  in  the  manner  of  agglomerates  (Ref.  7). 

The  nature  of  the  interior  of  the  oxide  particles  differed  substantially  (Fig. 
22).  Broken  black  shinies  exhibited  a  somewhat  amorphous  appearance,  with  very 
small  spherical  voids  (  <  5%  of  volume,  pressure  dependent).  White  oxides 
exhibited  extraordinarily  complex  interior  structure  (see  Fig.  22)  with  5  -  15%  void 
volume,  pressure  dependent.  Transparent  oxide  particles  break  like  glassy  material 
(Fig.  22)  and  have  no  voids. 

Relative  Mass  of  Residual  and  Smoke  Oxide 

As  noted  earlier,  the  portion  of  aluminum  oxide  that  ends  up  in  the  form  of 
the  relatively  large  "residual  oxide"  class  of  particles  is  only  about  10-20%,  the  rest 
being  in  fine  particle  "smoke"  form.  However,  there  is  a  paucity  of  data  on  this 
subject  in  the  literature,  that  which  is  available  being  pertinent  mostly  to  size 
distributions  after  flowing  through  the  rocket  nozzle.  The  measurements  of  free 
aluminum  content  in  quenched  samples  described  earlier  provided  also  the  weight 
of  residual  oxide  formed  up  to  the  point  of  quench.  From  those  data  and  the 
original  aluminum  mass,  the  mass  of  smoke  oxide  could  be  determined.  Fig.  23 
illustrates  values  of  mass  fraction  of  oxide  in  smoke  form  corresponding  to 
atmospheric  pressure  tests  used  previously  for  Fig.  14-16.  The  results  indicate  that 
roughly  85%  of  the  oxide  is  in  smoke  form.  The  data  suggest  that  the  proportion  in 
smoke  form  is  higher  early  in  burning  (short  quench  distance),  but  this  trend  is 
deemed  to  be  due  to  systematic  errors  of  measurement  that  exert  undue  effect  in 
short  quench  distance  tests.  Results  in  Fig.  23b  indicate  that  the  relative  portion 
of  oxide  in  smoke  form  is  not  particularly  pressure-dependent. 


Fig.  22  Interior  of  oxide  particles. 

a)  Black  shiny  (atm). 

b)  Black  shiny  (2.S  MPa). 

c)  White  oxide  (atm). 

d)  White  oxide  (2.8  MPa) 

e)  Transparent  oxide  (2.8  MPa). 
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Dependence  on  quench  distance  (atmospheric  pressure 
Dependence  on  test  pressure  (1.5  cm  quench  distance). 
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COMBUSTION  OF  DRY-PRESSED  MIXTURES  OF  ALUMINUM 
AND  AMMONIUM  PERCHLORATE  POWDERS 

Combustion  of  the  aluminum  ingredient  in  composite  hydrocarbon  binder 
propellants  is  a  consequence  of  the  availability  of  oxidizing  species  provided  by 
decomposition  of  the  solid  oxidizer.  However,  the  detailed  accumulation- 
agglomeration-metal  ignition  process  is  substantially  determined  by  events  other 
than  molecular  level  oxidation.  In  order  to  unravel  the  roles  of  different  steps  in 
the  propellant  combustion  process,  it  is  helpful  to  determine  just  how  much  of  the 
aluminum  "metabolism”  is  due  purely  to  interaction  with  the  ammonium 
perchlorate  oxidizer.  It  had  been  established  before  that  aluminum  could  survive 
the  environment  on  the  surface  of  burning  ammonium  perchlorate  for  an 
appreciable  time  (Ref.  18,  19)  without  ignition,  while  there  are  some  recent 
conflicting  claims  that  intermediate  reaction  products  of  AP  (present  primarily  in 
the  AP  decomposition-flame  zone)  might  be  particularly  important  to  ignition  of 
aluminum  (Ref.  20).  Previous  work  on  the  present  project  had  confirmed  a 
substantial  body  of  literature  (e.g.,  Ref.  21-23)  concerning  the  protective  character 
of  the  oxide  "skin"  on  aluminum  particles.  Those  collected  results  had  indicated 
that  temperatures  in  the  range  1200  to  2030®C  might  be  required  to  ignite 
particles.  The  AP  flame  would  thus  be  marginal  as  an  ignition  source.  However, 
the  ignition  requirements  referred  to  in  Ref.  21  to  23  were  not  determined  in 
chemical  environments  typical  of  an  AP  deflagration  wave,  nor  on  assemblages  of 
aluminum  particles  typical  of  propellant  burning  surfaces.  Thus  it  was  important  to 
determine  whether  accumulating  aluminum  on  an  AP  burning  surface  would  adhere 
there  (as  implied  by  results  in  Ref.  11,  18,  2k  and  elsewhere),  and  if  it  would, 
whether  it  would  sinter,  ignite,  and  agglomerate. 

In  order  to  resolve  the^e  questions,  combustion  tests  were  run  on  hard-pressed 
(175  MPa)  samples  of  Al/AP  powder  mixes.  Tests  consisted  of  interrupted  burning 
by  rapid  depressurization,  and  combustion  cinemicrophotography.  Tests  were  run 
with  different  mixture  ratios  of  A1  and  AP,  different  particle  size  combinations, 
different  kinds  of  aluminum  powder,  and  different  pressures.  A  summary  of  test 
conditions  is  shown  in  Table  1,  and  a  description  and  interpretation  of  results  was 
reported  in  Ref.  19.  These  results  indicated  the  following  critical  points  about 
aluminum  behavior  and  Al-AP  interactions: 
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1.  Aluminum  particles  do  not  ingite  in  the  AP  deflagration  zone 
(propellant-ingredient-size  particles). 

2.  Aluminum  adheres  to  the  deflagrating  AP  surface,  and  under  most 
conditions  accumulates  there.  Accumulation  is  very  limited  where  the 
aluminum  particles  are  comparable  in  size  to  the  oxidizer  particles;  those 
(large)  aluminum  particles  do  linger  on  the  surface,  but  the  spacing  of  the 
particles  is  now  large  enough  to  reduce  chances  of  a  surface  particle  being 
joined  by  underlying  particles  as  occurs  with  small  A1  particles. 

3.  Accumulation  of  aluminum  on  the  AP  surface  leads  to  rigid  assemblages 
on  the  burning  surface  that  eventually  break  up  and  detach.  Break-away  is 
usucdly  followed  by  local  inflamation  of  the  accumulate.  This  appears  to 
occur  at  break  points  in  the  detaching  crust,  followed  by  spread  into  the  rest 
of  the  crust. 

4.  The  spreading  inflamation  leads  to  formation  of  several  large 
agglomerates,  that  appear  to  bum  thereafter  much  in  the  manner  observed 
with  propellants. 

The  foregoing  observations  were  based  on  the  motion  picture  tests.  Quench  tests 
yielded  relatively  little  evidence  of  surface  accumulation  of  aluminum,  which 
apparently  detached  during  the  depressurization  quench. 

The  test  results  are  interpreted  as  follows,  in  the  light  of  earlier  tests  on 
behavior  of  aluminum  powders  during  heating  (Ref.  3,  8,  25).  Upon  being  reached 
by  the  receding  surface  of  the  sample,  an  aluminum  particle  adheres  to  the  surface, 
which  is  generally  believed  to  consist  of  a  froth  layer  at  a  temperature  of  about 
600*^C.  The  particle  probably  proceeds  to  higher  temperature  under  the  influence 
of  the  nearby  AP  flame,  while  continuing  to  reside  on  the  surface.  Underlying 
aduminum  particles  emerge  and  join  the  original  ones,  concentrating  into  contacting 
arrays.  The  oxide  skin  on  each  particle  apparently  limits  aluminum  oxidation  to  a 
continuing  build  up  of  surface  oxide.  This  includes  sintering  of  the  particles  to 
each  other  when  they  are  contacting.  As  the  sintered  layer  becomes  more  dense 
and  more  heavily  oxidized,  it  becomes  resistant  to  flow  of  gas  from  the  underlying 
AP,  and  also  resistant  to  heat  flow  from  the  AP  flame  to  the  AP  surface.  Under 
these  conditions,  the  layer  would  be  expected  to  be  above  the  aluminum  melting 
point,  and  the  structural  strength  would  be  due  to  the  sintered  solid  oxide  structure 
that  encases  the  alumin*  n.  This  cture  in  turn  is  stressed  by  the  gas  through 
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flow,  and  the  stage  is  set  for  break-up  of  the  sintered  accumulation. 

Break-up  of  the  accumulation  implies  local  break  up  of  the  oxide  that  has 
been  "protecting"  the  eduminum,  which  promptly  increases  its  oxidation  rate  and 
locally  heats  the  sintered  structure.  Under  favorable  heat-flow  conditions,  this  can 
lead  to  progressive  breakdown  of  adjoining  sintered  structure,  i.e.,  inflamation. 
Alternately,  aluminum  exposed  in  a  break  may  simply  be  covered  over  by  new  solid 
oxide,  which  the  AP  flame  is  unable  to  melt.  Both  alternatives  appcu-ently  occur, 
sometimes  in  the  same  test.  The  inflamation  alternative  is  believed  to  proceed  as 
follows.  A  breaking  section  of  the  accumulate  with  exposed  molten  aluminum  self 
heats  due  to  oxidation  of  exposed  aduminum.  This  is  aided  and  sustadned  by  limited 
flow  of  aduminum  under  surface  tension  forces,  with  associated  continual 
mechanical  degradation  of  any  newly  forming  oxide  skin.  Heat  release  goes 
primarily  to  heat-up  of  those  particles  that  are  actuadly  reacting,  which  are 
insulated  from  their  colder,  unignited  neighbors  by  the  very  oxide  that  sinters  them 
together.  Local  self  heating  melts  the  protective  oxide  locally,  permitting  locad 
coalescence  of  aluminum  "particles"  (Fig.  10a),  retraction  of  insoluble  oxide  from 
the  metal  surface,  and  establishment  of  a  high  temperature  aluminum  vapor  flame 
(photographically  manifested  by  rapidly  increased  brightness  and  establishment  of 
the  characteristic  luminous  smoke  trail).  This  state  is  sometimes  reached  at  more 
than  one  site  in  large  accumulates,  and  leads  to  a  rapid  propagative  heat-up,  oxide 
melt-down,  and  inflamation  of  the  accumulate  and  transformation  to  one  or  more 
burning  agglomerates. 

While  the  foregoing  scenario  is  very  complex,  the  observed  combustion 
behavior  is  hardly  amenable  to  a  simple  explanation.  The  interpretation  rests  on  a 
great  deal  of  information  about  the  real  behavior,  including  not  only  the 
combustion  of  AP/Al  samples,  but  also  on  behavior  of  single  aluminum  particles  and 
powders.  The  scenario  explains  why  larger  unsintered  particles  don't  ignite  (no 
means  to  break  down  the  oxide  skin);  why  heavier  sintering  and  non-ignition  can 
occur  at  lower  pressure  (low  oxidizer  concentration  and  p>oor  heating  from  the 
oxidizer  flame  permit  protective  oxidation  of  break-up  surfaces);  and  why  vigorous 
combustion  can  occur  when  typically  reluctant  ignition  is  finally  achieved 
(transition  to  vapor  phase  burning).  The  scenario  also  has  major  implications  for 
aluminum  behavior  in  propellant  combustion: 
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1.  Ignition  of  accumulating  aluminum  will  generally  depend  on  exposure  to 
high  temperature  flames  resulting  from  AP-Binder  interaction  (i.e.,  the  AP 
flame  alone  is  not  enough).  Conditions  that  delay  this  AP-Binder  flame 
exposure  will  yield  prolonged  accumulation  and  large  agglomerates. 

2.  Vigorous  inflamation  of  accumulates  on  or  near  the  burning  surface  is 
favored  by  large  specific  surface  of  aluminum  (small  particles),  because  the 
eventual  breakup  and  coalescence  of  the  accumulates  at  the  surface  is  then  a 
highly  exothermic  event.  Large  single  aluminum  particles  ignite  further  from 
the  surface  because  the  protective  oxide  won't  break  down  at  temperatures 
near  the  burning  surface,  even  when  the  particles  linger  long  enough  to  heat 
up  to  surrounding  temperature. 

3.  The  size  of  agglomerates  in  propellant  combustion  is  generally 
recognized  to  be  strongly  affected  by  the  degree  of  segregation  of  aluminum 
particles  in  the  propellant  microstructure,  with  local  concentrations 
("pockets")  of  aluminum  tending  to  form  single  agglomerates.  It  is  also 
recognized  that  this  criterion  for  agglomerate  size  is  modified  by  the 
susceptibility  of  the  accumulating  aluminum  to  ignition,  which  event  usually 
causes  the  accumulated  aluminum  to  detach  from  the  propellant  surface.  In 
this  context  it  is  important  to  keep  in  mind  that  the  AP  flame  will  not  cause 
ignition,  a  fact  that  accounts  for  the  massive  accumulations  on  the  surface  of 
AP/Al  samples.  Under  adverse  ignition  conditions,  accumulated  aluminum  on 
the  burning  surface  of  propellants  may  also  end  up  on  the  surface  of  oxidizer 
particles  of  the  propellant  and  remain  during  all  or  part  of  the  burning  of  the 
oxidizer  particle.  Under  some  conditions  (notably  low  pressure),  delayed 
ignition  can  even  give  rise  to  interconnection  ("bridging")  of  local 
accumulations  to  give  the  more  massive  accumulations  observed  with  AP/Al 
samples.  In  that  case,  correspondingly  large  agglomerates  may  be  formed. 
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STUDY  OF  THE  ACCUMULATION-AGGLOMERATION  PROCESS 
USING  AP-BINDER  SANDWICHES  WITH  ALUMINUM  FILLED  BINDER 

One  of  the  primary  problems  in  the  study  of  accumulation  aund  agglomeration 
of  aluminum  in  a  propellant  is  the  chaotic  nature  of  the  propellant  on  the 
dimensional  scale  of  the  relevant  processes.  In  effect,  it  is  impossible  to  describe 
what  was  tested  or  what  happened.  On  the  other  hand,  some  success  had  been 
achieved  in  a  companion  project  to  the  present  one,  through  testing  sandwiches  of 
AP  and  binder.  A  sandwich  consists  of  two  layers  of  pre-pressed  sheets  of 
ammonium  perchlorate  (oxidizer)  with  a  layer  of  binder  (fuel)  of  controlled 
thickness  cured  between  the  sheets.  Such  systems  do  not  provide  the  intermittency 
of  microstructure  present  with  granular  mixes  but  they  simplify  the  geometry  of 
the  combustion  zone  and  separate  the  ingredients  of  the  propellant  into  precisely 
definable  regions  providing  a  better  understanding  of  the  flame  structure  and 
greater  resolution  by  experimental  methods.  Using  aluminum  in  the  binder  lamina 
provides  a  means  to  conduct  controlled  accumulation-sintering-agglomeration 
experiments  in  a  combustion  environment  simulating  critical  aspects  of  real 
propellants. 

The  investigation  of  aluminum  combustion  in  sandwiches  consisted  of 
preparing  sandwiches  with  various  combinations  of  binder,  aluminum  and  oxidizer  in 
the  fuel  lamina;  edge  burning  the  sandwiches  at  various  pressures;  and  observing 
combustion  behavior  by  photography  and  by  microscopic  study  of  quenched  samples 
(quenched  by  rapid  depressurization).  Fig.  24  gives  the  matrix  of  test  conditions 
used.  Only  a  limited  number  of  tests  with  photography  were  run,  but  quench  tests 
were  run  at  cill  the  indicated  conditions,  and  two  tests  were  run  at  some  test 
conditions  to  determine  reproducibility. 

Results  of  Sandwich  Quench  Tests 

All  test  results  described  below  were  for  binder  lamina  thickness  between  60 
and  90  M-m.  With  pure  binder  laminated  sandwiches,  it  is  observed  on  quenched 
samples  that  the  binder  is  slightly  recessed  at  low  pressure  (1.4  MPa)  and  is 
protruding  at  high  pressures  (6.9  MPa)  (Fig.  25)  (Ref.  18,  26,  27).  The  AP  burning 
rate  adjacent  to  the  binder  is  retarded,  with  the  maximum  regression  of  the  surface 
occuring  at  about  100  M>m  from  the  interface.  There  are  bands  of  relatively  smooth 
AP  surface  running  along  the  edges  of  the  interfaces  in  all  samples.  These  features 
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burning  tests  (large  circles  denote  primary  conditions,  small  circles  denote  variants 
primary  conditions).  (M  denotes  combustion  photography.) 
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did  not  change  with  type  of  binder  except  that  polysulfide  has  a  drier  appearance. 

The  general  effect  of  addition  of  aluminum  to  the  binder  lamina  is  illustrated 
in  Fig.  26  by  samples  with  a  1/1,  PBAN/H-15  A1  lamina.  The  accumulated  aluminum 
is  visible  on  the  binder  lamina,  and  has  the  appearance  of  being  wetted  by  molten 
binder.  The  volumetric  loading  of  aluminum  in  the  lamina  is  less  than  50%,  but  the 
surface  generally  appears  to  have  a  higher  concentration  of  aluminum.  As  noted 
later,  some  test  conditions  lead  to  occasional  presence  of  dry  accumulates  and 
occasional  agglomerates  on  the  quenched  surface,  and  some  conditions  lead  to 
small  accumulates  or  single  aluminum  particles  on  the  oxidizer  surface.  In  the 
example  shown,  the  binder  lamina  is  slightly  recessed.  The  smooth  bands  on  the  AP 
surface  adjoining  the  AP-binder  interfaces  are  equally  evident  with  aluminized 
laminae,  and  were  present  under  all  test  conditions  in  this  study.  A  tendency  for 
the  leading  edge  of  the  AP  surface  to  be  at  a  location  some  distance  from  the 
interface  (i.e.,  interface  AP  protruding)  was  noted  above  for  unaluminized 
sandwiches,  and  occurs  also  with  aluminized  binder  (all  tests  with  binder-Al,  all 
pressures).  Use  of  aluminized  binder  increased  the  burning  rate  in  some  tests 
(increased  in  the  case  in  Fig.  26).  In  the  following,  the  effect  of  various  test 
variables  are  described  in  terms  of  the  features  noted  above  for  aluminized  PBAN 
sandwiches. 

a)  Effect  of  Pressure 

In  the  sample  case  used  in  Fig.  26  (I/l,  PBAN/H-15,  at  ^i.l  MPa),  increasing  the 
pressure  reduced  the  amount  of  distinguishable  aluminum  on  the  binder  surface,  as 
well  as  the  amount  scattered  on  the  AP  surface  (almost  none  at  6.9  MPa).  The 
wetted  appearance  of  the  aluminum  concentrated  on  the  binder  lamina  is  evident  at 
all  pressures,  with  occasional  areas  of  dry-sintered  particles  at  low  pressure.  The 
surface  profiles  of  the  aluminized  PBAN  sandwiches  (i.e.,  details  near  the  fuel 
laminae)  were  alike  over  the  pressure  range  1.4  -  6.9  MPa,  and  similar  to  the 
unaluminized  PBAN  sandwiches  at  lower  pressures.  The  trend  of  the  nonaluminized 
laminae  to  protrude  at  higher  pressure  (Fig.  25)  did  not  occur  for  the  aluminized 
PBAN  sandwiches  (Fig.  27).  In  general,  the  overall  sandwich  burning  rate  appeared 
to  be  higher  with  aluminized  PBAN  sandwiches,  a  feature  reflected  in  the  overall 
sandwich  profiles,  which  have  more  "Vee”  shaped  profiles. 

The  above  observations  of  pressure  dependence  do  not  all  apply  for  other 
binders,  or  other  additions  to  the  binder,  as  noted  later. 
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b)  Effects  of  Aluminum  Variations 

Changes  in  aluminum  (with  PBAN  binder)  had  only  moderate  effect  on 
quenched  samples.  Use  of  pre-stretched  H-15  in  place  of  as  received  H-15  (1/1, 
Binder/ Al)  produced  no  effect  (although  a  substantial  change  was  evident  in  the 
combustion  photography  tests  described  later). 

Reducing  the  aluminum  loading  to  3/7,  Al/Binder  resulted  in  a  somewhat 
lower  aluminum  concentration  on  the  binder  surface,  and  gave  a  somewhat  smaller 
enhancement  over  the  non-aluminized  burning  rate  at  pressures  >  3.5  MPa  (as 
compared  to  1/1  Binder/ Al). 

Use  of  finer  aluminum  particles  (H-5)  in  place  of  H-15  increased  the  level  of 
accumulation  at  all  pressures. 

c)  Effect  of  Binder 

Changes  in  binder  resulted  in  unexpectedly  large  effects  on  aluminized 
sandwiches.  At  low  pressure  these  differences  from  PBAN  sandwiches  were  not 
conspicuous,  except  for  a  drier,  denser  looking  aluminum  accumulation  with 
polysulfide  binder.  Above  3.5  MPa,  the  effect  of  binder  was  more  conspicuous,  as 
shown  in  Fig.  28.  In  particular,  the  sandwiches  with  HTPB  binder  had  aluminum 
accumulation  that  appeared  to  be  flooded  with  binder  melt.  The  HTPB/Al  lamina 
and  immediately  adjoining  AP  protruded  conspicuously  at  6.9  MPa.  The  protrusion 
was  significantly  larger  than  observed  in  the  tests  with  PBAN/Al  fuel  laminae  or 
binder  laminae  alone. 

d)  Effect  of  AP  in  Binder 

Introduction  of  10  |J' m  AP  into  a  pure  PBAN  lamina  in  a  1  to  1  ratio 
(replacement  of  Al  by  AP)  resulted  in  a  binder  surface  that  still  looked  wet,  but 
irregular  on  a  scale  comparable  to  the  oxidizer  particle  dimensions.  No 
distinguishable  AP  particle  surfaces  were  evident.  The  binder  laminae  were 
recessed  slightly  at  ail  pressures  (Fig.  29),  as  in  the  case  of  aluminized  PBAN 
laminae,  and  pure  PBAN  binder  at  lower  pressures.  The  very  localized  protrusion 
of  AP  immediately  adjoining  the  fuel  laminae  (Fig.  25-28)  is  absent  with  the 
PBAN/AP  lamina  (Fig.  29).  Instead,  at  a  high  pressure  there  is  a  wider  plateau¬ 
like  region  of  protruding  AP  unique  to  these  samples  (Fig.  29  b,  c)  and  the 
AP/ Al/Binder  samples  noted  in  the  next  section.  The  extent  of  protrusion  of  this 
region  was  more  than  w’  :h  pure  binder  laminae  for  PBAN  binder,  less  for  HTPB 
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binder  (Fig.  30).  The  test  with  a  7/3,  AP/PBAN  sandwich  at  high  pressure  exhibited 
less  overall  protrusion  of  the  interfacial  regions,  and  the  interface  was  no  longer 
the  most  protruding  point  in  the  interface  region  of  the  profile  (Fig.  29c,  not  shown 
in  Fig.  30). 

e)  Effect  of  A1  and  AP  on  the  Binder 

When  a  1/1/1;  Binder/AP/Al  filled  lamina  was  used,  the  lamina  surface  had  less 
accumulated  aluminum  compared  to  the  one  with  no  fine  AP  at  all  pressures.  The 
aluminum  still  had  a  wet  appearance  with  both  binders.  But  at  6.9  MPa  with  HTPB 
binder,  the  singular  protruding  feature  of  the  lamina  region  with  only  aluminum 
(Fig.  2Sc)  Weis  absent  when  fine  AP  was  added  too.  In  general,  the  Binder/AP/Al 
sandwiches  gave  surface  profiles  closely  resembling  those  obtained  with  sandwiches 
having  1/1  Binder/fine  AP  filled  lamina. 

Combustion  Photography 

The  test  conditions  for  which  combustion  photography  Wcis  used  are  denoted 
by  the  symbol  "M"  in  Fig.  29.  From  these  few  tests  it  was  evident  that  aluminum 
left  the  surface  primarily  as  ignited  particles  and  agglomerates  (6.9  MPa). 
Agglomerates  were  larger,  and  fewer  original  particles  were  present  with  HTPB 
binder  than  with  PBAN  binder.  Addition  of  fine  AP  resulted  in  a  reduction  of 
agglomerate  size,  but  did  not  seem  to  change  the  amount  of  unagglomerated 
aluminum  leaving  the  surface.  There  was  an  appearance  of  distinguishable 
diffusion  flame  sheets  or  flamelet  arrays  extending  from  each  AP/Binder  interface. 
It  is  judged  that  these  are  smoke  (carbon)  trails  from  the  true  flames.  Aluminum 
ignition  tends  to  occur  in  these  (presumably  hot)  regions,  in  the  manner  noted  by 
previous  investigators  (Ref.  18).  However,  this  was  not  completely  systematic  in 
these  thin  binder  sandwiches.  Some  agglomerates  appeared  to  form  up  auid  ignite 
while  straddling  the  fuel  lamina.  Such  agglomerates  are  probably  of  a  size 
comparable  to  the  lamina  width.  In  the  case  of  the  HTPB/Al  sandwiches  at  6.9 
MPa,  the  protruding  lamina  was  easily  visible  and  the  top  edge  appeared  to  sway 
locally  from  one  side  to  the  other.  In  this  situation,  most  of  the  aluminum  emerged 
burning  from  one  side  or  the  other,  not  from  the  tip  of  the  lamina. 

In  general,  the  photographic  tests  were  too  limited  to  make  generalizations 
except  for  the  following  points: 


r 


III-57 


a)  There  was  extensive  agglomerate  formation  at  the  sandwich  surface. 
No  unignited  material  was  evident  leaving  the  surface. 

b)  Agglomerates  were  smaller  with  PBAN  binder  than  with  HTPB  binder. 

c)  Replacement  of  a  1/1,  PBAN/Al  lamina  by  a  1/1/1  PBAN/Al/AP  lamina 
resulted  in  smaller  agglomerates. 

d)  Sepatrate  AP/Binder  flame  sheets  were  evident  for  the  two  AP-fuel 
interface  planes  of  the  sandwiches,  manifested  by  fluctuating  smoke  sheets. 

e)  Ignition  of  aluminum  was  favored  in  proximity  of  the  AP/Binder  flame, 
but  with  thin  sandwiches  the  agglomerates  were  of  comparable  size  to  the 
fuel  laminae  and  sometimes  ignited  and  detached  from  a  symmetrical  position 
relative  to  the  fuel  lamina. 

f)  The  test  in  which  "pre-stretched"  aluminum  was  used  in  place  of  as- 
received  aluminum  (H-15)  exhibited  substantial  reduction  in  size  of 
agglomerates. 

Discussion  of  Sandwich  Tests 

The  original  objective  of  the  aluminized  binder  sandwich  tests  was  to  provide 
a  more  controlled  experiment  for  observation  of  aluminum  accumulation,  sintering, 
agglomeration  and  ignition.  In  particular,  it  was  desired  to  examine  the  condition 
of  the  aluminum  on  the  burning  surface  of  thin  binder  lamina,  a  critical  aspect  of 
the  behavior  that  had  received  only  limited  attention  in  a  previous  study  (Ref.  18). 
Relative  to  this  behavior,  the  principal  result  was  the  notable  difference  in 
appearance  of  the  accumulated  aluminum  with  different  binders.  HTPB  binder 
resulted  in  a  binder-flooded  appearance;  PBAN  binder  resulted  in  obvious  aluminum 
accumulation,  with  appearance  of  wetting  of  particle  surfaces  and  bridging 
between  particles  by  binder  melt;  PS  binder  resulted  in  a  dry-looking  accumulation 
of  aluminum.  These  results,  observed  on  quenched  samples,  did  not  provide  clues  to 
subsequent  development  of  agglomerates,  except  in  the  context  of  photographic 
observations  of  burning.  The  motion  pictures  showed  that  the  size  of  agglomerates 
was  greater  with  the  "flooded  look"  of  the  HTPB  sandwiches.  Since  HTPB  appears 
to  be  the  more  thermally  stable  of  the  binders  tested  (Ref.  8,  28),  this  suggests  that 
the  binder  melt  plays  an  important  role  in  protecting  the  aluminum  from  ignition 
while  it  is  concentrated  and  heated  on  the  burning  surface.  The  fact  that  use  of 
sinterin^resistant  pre-stretched  aluminum  reduces  agglomeration  suggests  that 
concentration  and  heat-up  of  the  aluminum  do  not  assure  agglomeration,  i.e.,  that  a 
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final  part icle-to-par tide  sintering  step  is  necessary  for  agglomeration.  Likewise, 
the  reduction  of  agglomeration  by  addition  of  fine  AP  to  the  al^iminized  binder 
lamina  suggests  that  improvement  of  ignition  conditions  can  block  agglomeration. 
These  speculations  are  consistent  with  propellant  experience;  additional  combustion 
photography  tests  are  needed  to  fully  interpret  the  quenched  surface  observations. 

The  original  plan  for  the  sandwich  tests  covered  only  the  study  of  aluminized 
binder  lamina  samples.  However,  the  conspicuous  effect  of  binder  type  on  both 
surface  profiles  and  aluminum  wetting  led  to  a  series  of  tests  on  nonaluminized 
sandwiches,  to  determine  to  what  extent  the  presence  of  aluminum  was  involved. 
The  tests  with  fine  AP  additions  were  then  conducted  because  of  observations  of 
the  effect  of  fine  AP  in  propellant  testing  (Ref.  11,  20  29).  Interpretation  of  the 
results  of  these  further  tests  cannot  be  made  yet,  but  the  key  results  regarding 
surface  profiles  of  the  whole  series  of  sandwich  tests  merit  recapitulation. 

1.  Surface  profiles  with  and  without  aluminum  were  similar  with  PBAN 
binder,  except  that  the  mildly  protruding  binder  at  higher  pressure  was  changed  to 
a  mildly  recessed  profile  when  aluminum  was  added.  A  corresponding  increase  in 
sample  burning  rate  resulted,  accompanied  by  a  corresponding  "V”  shaped  overall 
sample  profile. 

2.  With  HTPB  binder  the  effect  of  addition  of  aluminum  had  the  opposite 
effect  at  high  pressure.  The  extent  of  protrusion  of  the  fuel  lamina  and  adjoining 
AP  was  conspicuously  increased  (compared  to  nonaluminized  HTPB  sandwiches). 
The  enhancement  of  sample  burning  rate  observed  with  PBAN  binder  was  absent 
with  HTPB  binder. 

3.  Addition  of  fine  AP  to  PBAN  binder  laminae  resulted  in  mildly  recessed 
binder  laminae  at  all  pressures,  as  with  the  addition  of  aluminum.  The 
corresponding  increase  in  burning  rate  at  higher  pressure  did  not  occur.  Instead, 
the  usually  narrow  region  of  protruding  AP  adjoining  the  lamina  interfaces  was 
widened.  Similar  effects  were  observed  with  HTPB  binder. 

4.  Addition  of  both  fine  AP  and  aluminum  to  the  binder  laminae  produced 
profiles  similar  to  those  with  only  AP  added.  The  primary  difference  from 
sandwiches  with  aluminized  binder  was  the  widened  region  of  AP  protrusion  at  6.9 
MPa,  and  reduction  of  the  unique  height  of  protrusion  of  the  lamina  region  with 
HTPB  binder. 
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MODIFICATION  OF  ALUMINUM  TO  CONTROL  AGGLOMERATION 
Background 

In  view  of  the  obvious  importance  of  the  role  of  the  oxide  skin  on  cduminum 
particles  in  controlling  the  onset  of  sintering,  agglomeration  and  ignition  of 
cduminum,  it  is  reasonable  to  seek  beneficial  modification  of  the  oxide.  A  method 
explored  by  Kraeutle  (Ref.  30)  was  to  enhance  the  oxide  by  further  oxidation,  by 
holding  powders  at  elevated  temperature  in  oxidizing  atmospheres.  This 
modification  method  was  called  "pre-oxidation",  and  was  conducted  at 
temperatures  below  the  aluminum  melting  point. 

A  method  explored  earlier  in  the  present  project  (Ref.  19,  31)  was  called  "pre¬ 
stretching"  the  oxide,  by  heating  particles  through  the  aluminum  melting  point. 
The  oxide  skin  deforms  to  accomodate  the  relatively  greater  thermal  expansion  and 
phase  change  expansion  of  the  aluminum.  The  oxide  deformation  is  presumably  by 
both  inelastic  stretching  and  cracking.  In  the  presence  of  a  low  concentration  of 
oxygen,  the  cracked  areas  will  close  rapidly  by  further  oxidation.  Upon  cooling,  the 
particles  shrink,  the  oxide  skin  wrinkles  or  exhibits  depressions  (Ref.  31),  but  the 
oxide  surface  area  is  believed  to  remain  sufficient  to  enclose  the  aluminum  when 
the  particle  later  melts  in  the  combustion  zone.  This  argument  was  developed  from 
growing  understanding  of  ignition  behavior  of  aluminum  powder,  and  was  evaluated 
earlier  in  the  project  using  the  hot  stage  microscope  to  produce  and  test  the  pre¬ 
stretched  oxide  particles  (Ref.  31).  In  those  tests  the  tendency  of  aluminum 
powders  to  sinter  and  agglomerate  when  heated  was  sharply  reduced  by  prr- 
stretching  the  oxide. 

In  subsequent  combustion  studies  on  this  program,  modified  aluminum  has 
been  carried  as  one  of  the  test  variables,  thus  giving  a  systematic  demonstration  of 
the  potential  of  modificiation  of  the  oxide  skin  as  a  means  of  controlling 
agglomeration.  For  those  combustion  studies  aluminum  with  pre-stretched  oxide 
was  produced  in  greater  quantity  by  heating  the  powder  in  a  half  open  quartz  tube 
to  700°C,  using  a  tube  furnace  flushed  with  a  nitrogen  flow  (with  some  entrained 
air).  The  "pre-stretched"  aluminum  was  subsequently  sieved  to  eliminate  any  large 
agglomerates  or  sintered  accumulates  formed  during  the  "pre-stretching"  process. 
Since  the  smallest  sieve  mesh  is  37  M> ,  it  is  probable  that  some  smedl  accumulates 
were  included,  but  the  mean  particle  diameter  was  not  significantly  altered. 

The  "pre-stretched"  aluminum  was  compared  with  as  received,  and  pre- 
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oxidized  aluminum  in  a  series  of  "propellant"  formulations.  The  formulations 
included  dry  pressed  AP/Al,  and  AP/Al/Wax  samples.  Sandwiches  were  also 
prepared  consisting  of  an  aluminum  filled  PBAN  lamina  between  AP  slabs.  The 
results  of  some  of  these  tests  have  been  reported  in  interim  reports  (Ref  27,  31), 
but  will  be  repeated  here  for  completeness. 

Combustion  of  AP/Al  Samples 

Samples  were  prepared  from  mixturs  of  AP  and  A1  powders  by  dry  pressing 
mixtures  of  85%,  100  M-m  AP  and  15%  Alcoa  123  A1  to  pressure  of  170  MPa  for  20 
minutes.  Similar  samples  were  made  with  pre-stretched  Alcoa  123  Al,  and  samples 
with  pre-oxidized  Alcoa  123  Al  (provided  by  Karl  Kraeutle  of  Naval  Weapons 
Center).  Tests  were  run  at  6.9  MPa  (1000  psi),  and  observations  were  made  by 
combustion  photography. 

Tests  on  the  samples  with  untreated  aluminum  exhibited  massive 
accumulation  and  sintering  of  aluminum  on  the  burning  surface,  with  ignition 
occurring  only  during  break-up  of  detaching  accumulate  layers.  Very  large 
agglomerates  formed.  Results  with  the  pre-oxidized  and  with  the  pre-stretched 
aluminum  were  alike.  In  the  tests  with  pre-stretched  aluminum,  only  small 
accumulates  were  evident,  with  more  or  less  continual  detachment  of  small 
fragments.  Aluminum  ignition  was  only  occasional.  This  result  supports  the 
mechanistic  argument  that  led  to  "pre-stretching"  experiments  (Ref.  19,  31),  and 
suggests  a  means  of  controlling  accumulate  size,  using  a  modification  of  aluminum 
powder  that  is  economically  viable  in  production,  possibly  by  simply  changing 
process  control  variables  in  the  original  powder  manufacture.  The  observation  of 
only  limited  ignition  of  the  pre-stretched  aluminum  supports  the  earlier  argument 
that  conditions  in  the  AP  flame  cire  not  conducive  to  ignition  of  aluminum  unless 
some  mechaniced  breakage  of  the  hot  sintered  accumulate  exposes  aluminum,  and 
thus  provides  the  opportunity  for  localized  exothermic  reaction. 

Combustion  of  AP/Al-Binder/AP  Sandwiches 

Sandwiches  were  prepared  using  the  usual  method  (Ref.  26,  27)  of  laminating 
a  thin  layer  of  binder  between  two  AP  slabs.  In  this  case  the  binder  was  a  1/1 
mixture  of  PBAN  and  Valley  Met  H-15  aluminum.  Samples  were  prepared  using  as 
received  and  pre-stretched  H-15,  and  combustion  tests  were  run  at  a  pressure  of  6.9 
MPa  (1000  psi)  and  observed  by  high  speed  cinephotography.  The  sandwiches 
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prepared  with  as-received  H-IS  burned  with  large  slow  moving  agglomerates,  and 
the  ignition  and  detachment  of  agglomerates  was  noticably  intermittent,  almost 
periodic.  The  sample  with  pre-stretched  aluminum  burned  with  small  agglomerates 
and  single  ignited  particles  that  left  the  surface  in  a  more  or  less  continuous 
manner.  In  this  test  the  pre-stretched  aluminum  was  shown  to  substantially  reduce 
agglomeration  thus  improving  the  combustion  behavior  of  the  aluminum.  In 
contrast  to  the  tests  on  dry-pressed  AP/Al  samples,  use  of  pre-stretched  aluminum 
in  sandwich  tests  led  to  improved  aluminum  ignition,  presumably  because  ignition  is 
induced  by  the  hot  AP-Binder  flame  instead  of  by  aluminum  exposure  during 
accumulate  break-up. 


A  set  of  propellant  samples  were  prepared  by  dry  pressing  30%  Valley  Met  H- 
30  aluminum,  7%  carnauba  wax,  and  63%  100  AP.  One  sample  was  prepared  using 
as  received  H-30,  a  second  sample  used  pre-stretched  H-30,  and  a  third  sample  used 
"pre-oxidized”  H-30.  A  fourth  sample  was  prepared  in  a  manner  that  illustrated  the 
differences  in  aluminum  behavior  more  graphically  in  a  single  motion  picture,  by 
using  as-received  and  pre-stretched  aluminum  in  different  parts  of  the  same 
sample.  As  in  the  AP/Al  tests,  dry  pressed  samples  are  prepared  by  mixing  the 
ingredients,  pouring  the  ingredients  into  a  die  and  pressing  the  mixture  in  a 
hydrauiic  press  to  obtain  a  compact  disc  of  propellant.  The  fourth  sample  was 
prepared  by  using  a  piece  of  card  stock  to  divide  the  die  into  two  halves.  One  half 
of  the  die  was  loaded  with  the  mixture  containing  as  received  aluminum  while  the 
other  half  contained  the  mixture  with  pre-stretched  H-30.  The  mixture  was 
carefully  tamped  down  and  the  card  separator  was  carefully  removed.  The  sample 
was  then  hydraulically  pressed  to  obtain  a  disc  of  propellant.  After  ceureful  cutting, 
a  10  mm  x  6  mm  x  1.6  mm  sample  was  obtained,  one  half  containing  as-received  H- 
30  and  one  half  with  pre-stretched  H-30.  Motion  pictures  of  these  "half  and  half" 
propellants  are  comparable  to  split  frame  motion  pictures,  i.e.,  a  direct  comparison 
of  the  combustion  behavior  of  the  aluminum  is  possible. 

Motion  pictures  were  filmed  for  each  of  the  samples  burning  at  6.9  MPa  (1000 
psi).  The  sample  with  as  received  H-30  exhibited  relatively  unfavorable  A1 
combustion  characteristics.  The  surface  was  covered  with  large  filigrees, 
aluminum  ignition  was  sporadic,  and  moderately  large  to  large  agglomerates  were 
formed.  Significant  improvement  was  seen  with  the  samples  with  pre-stretched 
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and  pre-oxidized  H-30.  The  surface  was  rough  but  fewer  filigrees  were  evident. 
The  aluminum  left  the  surface  (ignited)  in  small  agglomerates  or  single  particles. 
Viewing  the  "half  and  half"  sample  was  quite  convincing.  In  any  single  frame,  the 
region  above  the  half  of  the  sample  with  ais-received  aluminum  was  dark  with  two 
or  three  large  burning  agglomerates.  The  region  over  the  other  half  of  the  sample 
surface  (pre-stretched  aluminum)  was  nearly  a  continuous  white  field  of  burning 
particles  (Fig.  31). 

Combustion  of  the  samples  prepared  with  "pre-oxidized"  H-30  was 
indistinguishable  from  the  "pre-stretched".  Both  modifications  of  the  aluminum 
resulted  also  in  higher  sample  burning  rates. 

Summary  of  Aluminum  Modification  Tests 

Combustion  photography  Wcis  used  to  compare  aluminum  behavior  in  tests  on 
three  kinds  of  samples: 

Dry-pressed  mixtures  of  AP  and  A1  powders. 

Dry-pressed  mixtures  of  AP,  Ai,  and  Carnauba  wax  powders. 

Sandwiches  with  aluminum  in  the  binder  lamina. 

Both  pre-oxidation  and  pre-stretching  treatments  of  aluminum  particles  resulted  in 
reduction  of  accumulation  of  aluminum  on  the  burning  surface,  emd  major  reduction 
of  the  size  of  aggregates  leaving  the  surface.  In  those  tests  where  an  AP- 
hydrocarbon  flame  was  present,  the  changes  resulting  from  use  of  modified 
cduminum  led  to  more  prompt  ignition  of  accumulating  aluminum  and  to 
correspondingly  smaller  agglomerates.  In  the  tests  on  AP/Al  samples  (no 
hydrocarbon  fuel),  aluminum  ignition  was  not  improved,  apparently  because 
conditions  in  the  combustion  zone  of  the  AP  are  not  conducive  to  ignition  of  the 
aluminum.  In  general,  the  results  are  consistent  with  those  obtained  earlier  by 
Boggs,  et  al  (Ref.  32),  with  pre-oxidized  aluminum,  although  detailed  comparison 
cannot  be  made  of  the  two  aluminum  modifications  because  of  differences  in  other 
test  sample  variables. 
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Fig.  31  Comparison  of  aluminum  combustion  with  dry  pressed 
AP/Al/Wax  samples;  pre-stretched  on  the  right  and  as-received 
aluminum  on  the  left. 


i 
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STUDIES  OF  A  FAMILY  OF  PROPELLANTS  PREPARED  AT  THIOKOL-ELKTON 
Background 

Variation  of  composition  and  ingredient  particle  sizes  is  probably  the  most 
critical  factor  available  in  conduct  of  propellant  combustion  research.  The  high 
cost  of  preparation  of  propellant  mixes,  unfortunately,  tends  to  limit  the 
systematic  use  of  this  criticcd  variable  as  an  investigative  tool  in  research  and 
often  forces  the  use  of  samples  prepared  by  improvised  means  of  unevaluated 
relevance  (e.g.,  use  of  samples  prepared  by  dry  pressing  powder  mixes).  During  the 
present  study,  a  family  of  samples  became  available,  which  has  a  systematic 
variation  of  composition,  prepared  by  state-of-the-art  method  (Ref.  33).  These 
same  formulations  were  studied  by  the  suppliers  (Ref.  11,  33)  using  a  variety  of 
combustion  experiments.  In  the  present  program  this  series  of  propellants  wets 
studied  by  combustion  photography,  and  by  scanning  electron  microscope  analysis 
of  sample  surfaces  quenched  by  rapid  depressurization.  The  objectives  were  three¬ 
fold:  firsli  it  was  desired  to  establish  a  basis  of  comparison  of  test  results  on 
conventional  propellants  with  work  on  the  present  program  using  samples  prepared 
by  various  improvised  methods;  second,  it  was  desired  to  take  advantage  of  the 
available  range  of  systematic  variations  of  formulations;  and  third,  it  was  desired 
to  provide  an  independent  set  of  test  results  that  could  be  compared  with  those  of 
the  propellant  supplier  (for  reproducibility  or  possible  mutual  improvement  of 
experimental  methods).  In  the  following,  information  regarding  the  propellants, 
tests,  results,  and  interpretation  is  summarized. 

Propellant  Formulations 

The  range  of  test  variables  covered  in  this  investigation  is  given  in  Table  2. 
The  actual  composition  of  the  propellants  can  be  obtained  from  Ref.  11  and  33;  they 
are  high  solids  HTPB  propellants  with  variations  on  a  baseline  propellant  having  1S% 
aluminum  and  a  trimodal  AP  blend.  One  or  two  variables  were  changed  at  a  time 
to  study  the  effect  of  these  variations  on  the  combustion  behavior  of  the 
pro|}ellant.  All  the  propellants  studied  are  low  burning  rate  composite  propellants. 
The  sample  designated  1780-1  was  used  here  as  a  vaseline  formulation.  Not  all  the 
formulations  in  the  supplier's  original  program  were  available,  and  not  all  those 
supplied  were  tested  in  the  present  investigation.  Choices  were  based  in  part  on 
anticipated  results,  and  in  part  on  supplier's  test  results. 
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Table  2 

Range  of  Major  Propellant  Variables  Investigated 


HTPB  BINDER 

LEVEL:  9  to  19% 

ALUMINUM 
LEVEL: 

SIZE: 

AMMONIUM  PERCHLORATE 
LEVEL: 

SIZE: 

MODALITY: 

Bimodal: 

Trimodal: 

HMX 

LEVEL:  0  to  15% 

SIZE:  6  and  9  M-  m 


55  to  71% 

6  to  900  M>  m 

900/fine 

900/200/fine 


18  to  22.9  % 
7.5  to  89  p.m 


ALTERNATIVE! 


RDX 
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Experimental  Procedures 

Combustion  Photography:  The  experimental  set  up  and  the  procedure  are 
similar  to  those  described  in  Ref.  3<f.  The  sample  dimensions  were  10  mm  x  6  mm  x 
1.6  mm.  Ektachrome  7241  high  speed  color  film  was  used  for  motion  pictures.  The 
film  framing  rates  and  the  aperture  f 'Stop  setting  varied  with  test  pressure,  and 
are  given  in  Table  3.  The  samples  were  externally  illuminated  by  a  Xenon  lamp 
under  all  test  conditions.  Test  conditions  are  tabulated  in  Table  4. 

Quench  Procedure:  Quenching  was  accomplished  by  rapid  depressurization  of 
the  combustion  vessel  by  diaphragm  rupture.  The  experimental  set  up  and 
technique  are  described  in  Ref.  35.  The  sample  dimensions  were  maintained  the 
same  as  in  combustion  photography  for  ease  of  comparison  of  results.  The 
quenched  samples  were  then  prepared  for  study  under  a  scanning  electron 
microscope.  Quench  test  conditions  are  tabulated  in  Table  5. 

Results 

Combustion  Photography:  Combustion  photography  provides  details  regarding 
the  combustion  efficiency,  nature  of  accumulates  on  the  burning  surface,  size  of 
agglomerates  leaving  the  surface,  burning  rate,  etc..  The  combustion  photographs 
were  initially  compiled  into  edited  motion  pictures  for  three  different  pressures 
and  then  spliced  together  into  one  picture  for  easy  comparison  of  combustion  of 
different  samples.  The  results  of  combustion  photography  allow  a  comparison  of 
combustion  behavior  as  a  function  of  size  of  aluminum,  %  binder,  size  of  AP 
particles,  addition  of  HMX,  usage  of  DDI  curative  in  propellant  and  pressure.  The 
pictures  were  examined  for: 

(a)  Degree  of  accumulation  of  aluminum  on  the  surface. 

(b)  Duration  of  retention  of  accumulated  aluminum  on  the  surface. 

(c)  Qualitative  estimate  of  the  size  range  of  agglomerates  leaving  the 

burning  surface. 

(d)  Ignition  characteristics  of  agglomerates. 

(e)  Burning  rate  of  sample. 

(f)  Brightness  of  field  of  view  which  in  turn  is  a  measure  of  the 

vigorousness  of  combustion. 

(g)  Qualitative  estimate  of  unignited  aluminum  leaving  the  burning 

surface. 

Behavior  in  each  test  was  ranked  in  Table  6,  and  can  be  interpreted  by  comparison 
with  behavior  of  the  baseline  propellant  No.  i780>l  as  described  below,  in  terms  of 
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Table  3 

High  Speed  Camera  Settings  for  Combustion  Photography 

Pressure  Film  Speed  F-Stop 

MPa  (psi)  f/sec 

1.4  <200)  3000  5.6 

3.45  (500)  3400  8.0 


6.9  (1000) 


4000 


11.0 
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Table  4 

Test  Conditions  for  Combustion  Photography 


PRESSURE  1.4  MPa 
(200  psi) 

FORMULATION 


2.62  MPa  3.45  MPa  6.9  MPa 

(350  psi)  (500  psi)  OOOO  psi) 


BASELINE 


XXX 


AL  EFFECT  (SIZE) 

Fine  A1  X 

Coarse  A1  X 


X 

X 


BINDER  EFFECT 

High  Binder  X 

DDI  X 

Cataiyst  ^*2^3 

AP  SIDE  EFFECTS 

400/200/71  X 

400/71 

400/41 


X 

X 

X 


X 

X 

X 


X 


X 

X 


HMX 


X 


X 


X 
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Table  5 

CtMiditions  for  Quench  Tests  of  Propellants 


6.9  MPa  Quenches  of  all  formulations. 

Quenches  of  baseline  formulation  at  progressively  lower  pressures 
of  6.9,  5.2,  3.45,  2.42, 1.41,  0.7  MPa. 

Quenches  of  400/200/71  (no  fine  AP)  at  the  same  series  of  pressures 
as  in  2. 

Quenches  of  DDI  curative  propellant  at  the  same  series  of  pressures 


as  in  2. 


accumulating  insight  into  the  aluminum  behavior  and  the  observed  results  ranked  in 
the  table. 

At  a  pressure  of  1.4  MPa  (200  psi)  the  combustion  of  the  baseline  formulation 
is  as  follows.  As  the  burning  surface  recedes,  the  ingredient  aluminum  particles 
accumulate  on  the  surface  due  to  the  concentration  of  the  surface  aluminum 
particles  with  the  underlying  particles,  and  retention  on  the  surface  by  the  surface 
tension  forces  of  the  molten  binder,  in  the  absence  of  favorable  ignition  conditions. 
The  accumulation  is  moderate  in  the  case  of  the  baseline  propellant.  Past  studies 
(Ref.  6,  32,  36,  37)  indicate  that  as  this  accumulation  progresses,  a  sintered  filigree 
of  particles  forms  and  as  accumulation  progresses  further,  a  part  of  the  filigree  is 
eventually  exposed  to  the  hot  diffusion  flame.  This  results  in  local  breakdown  of 
the  sintered  oxide  skin  of  the  filigree,  followed  by  a  spreading  inflamation  and 
coalescence  into  an  agglomerate.  In  the  case  of  the  bciseline  propellant  of  the 
present  study,  most  of  the  accumulated  aluminum  ignites  on  the  propellant  surface 
and  ignition-coalescence  is  rapid.  Some  of  the  burning  agglomerates  reside  on  the 
burning  surface  for  a  short  time  before  being  swept  away  by  the  gas  flow.  The 
agglomerates  leaving  the  burning  surface  range  in  size  from  single  particles  to 
about  350  m-  m.  The  field  of  view  is  moderately  bright  both  close  to  the  burning 
surface  and  in  the  far  field,  with  a  moderate  amount  of  smoke  in  the  combustion 
zone.  No  unignited  aluminum  is  evident  leaving  the  burning  surface.  To  the  extent 
possible  in  still  photographs,  the  foregoing  details  are  illustrated  in  Fig.32. 

The  propellant  combustion  behavior  is  not  significantly  different  at  3.45  MPa 
except  that  the  degree  of  accumulation  is  less  and  hence  smaller  agglomerates 
leave  the  burning  surface. 

The  results  of  all  tests  are  tabulated  in  comparative  terms  in  Table  6  a  (1.4 
MPa  tests)  and  Table  6  b  (3.45  MPa).  The  numbers  1  -  5  used  in  these  tables  rank 
the  indicated  combustion  behavior  on  a  scale  of  1-5. 

It  is  observed  from  the  analysis  of  this  combustion  photography  that  the 
general  trend  is  for  a  bright  combustion  field,  short  residence  time,  smaller 
agglomerates,  and  high  burning  rate  to  go  together.  Conditions  which  favor  this 
complex  of  behavior  are: 

a)  Small  (i.e.,  <15  )^m)  aluminum  particle  size:  Relatively  fine  aluminum 
provides  more  surface  area  and  finer  sintered  structure  of  accumulates,  which 
results  in  more  vigorous  inflamation  at  the  moment  of  accumulate  breakdown. 
However,  under  adverse  ignition  conditions,  the  large  surface  area  can  lead  to  more 
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Fig.  32  Combustion  field  for  sample  1780- 
1  at  1.4  MPa. 


(Crusting  occasionally) 
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extensive  sintering  and  larger  agglomerates,  as  observed  here  with  the  finest 
aluminum  particle  size. 

b)  Low  binder  to  oxidizer  ratio:  The  "bright  burning"  complex  Is 
apparently  favored  by  the  more  oxidizer-rich  environment  and  perhaps  even  more 
by  the  less  prolonged  surface  retention  and  protection  from  oxidizing  species,  due 
to  reduced  binder  presence  in  the  surface  accumulates. 

c)  Close  proximity  of  the  oxidizer-binder  flame  to  the  accumulating 

aluminum:  Whether  due  to  higher  pressure  or  to  propellant  microstructure, 

proximity  to  these  high  temperature  flamelets  appears  to  precipitate  early  Ignition 
of  aluminum,  and  hence  less  accumulation  and  agglomeration  and  more  vigorous 
combustion. 

SEM  Studies  of  Quenched  Burning  Surfaces 

The  general  appearance  of  quenched  surfaces  is  illustrated  by  the  series  in 
Fig.  33  for  1780-1  formulation  at  5  pressures.  The  coarser  oxidizer  particles  are 
conspicuous  at  lower  pressures,  with  the  intervening  areas  showing  a  binder  surface 
that  looks  like  it  was  a  melt  prior  to  quench.  The  aluminum  concentrated  in  the 
binder  is  evident  at  lower  pressure,  while  the  fine  oxidizer  particles  are  either  not 
evident,  or  not  distinguishable  from  aluminum  particles.  The  larger  oxidizer 
particles  generally  have  concave  surfaces,  especially  at  high  pressure.  The  profiles 
of  the  oxidizer  surfaces  have  a  close  resemblance  to  the  profiles  obtained  in 
aluminized  sandwich  burning  tests.  The  region  adjoining  the  binder  is  protruding 
and  has  a  smooth  surface.  Further  from  the  interface,  the  sloping  surface  flattens 
out  and  transitions  to  a  central  area  that  has  a  frothy  surface  appearance, 
sometimes  raised  (low  pressure).  Under  some  conditions  (low  pressure),  collections 
of  aluminum  particles  were  contained  in  the  central  froth  region  (Fig.  34).  At 
pressures  higher  than  3.41  MPa  the  surfaces  of  the  oxidizer  particles  were  deeply 
concave  and  exhibited  no  froth  or  aluminum.  In  general,  the  array  of  accumulated 
ciluminum  on  the  burning  surface  reflected  its  original  distribution  in  the  |}ropellant 
microstructure.  The  fine  oxidizer  did  not  manifest  its  presence.  "Pocket" 
concentrations  of  aluminum  occurred  in  spite  of  the  presence  of  the  fine  AP. 
These  trends  were  generally  true  over  the  whole  pressure  range,  but  the  aluminum 
concentration  became  flooded  with  binder  melt  at  higher  pressure. 

The  principal  effects  of  propellant  variations  on  samples  quenched  at  6.9  MPa 
were  the  following: 
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a)  Replacement  of  fine  AP  by  an  intermediate  size  resulted  in  a  surface 
accumulation  of  aluminum  that  was  of  a  filigree  nature.  This  result  is  a 
consequence  of  the  fact  that  pockets  in  the  propellant  microstructure  were 
eliminated  by  being  filled  with  the  intermediate  size  AP  particles,  leaving  the 
relatively  finer  aluminum  particles  in  less  concentrated  clumps.  The  aluminum 
looked  appreciably  less  flooded. 

b)  The  sample  with  fine  aluminum  showed  local  areas  of  formation  of 
aluminum  crust,  larger  than  typical  pocket  accumulations. 

c)  The  samples  with  a  moderate  amount  of  HMX  tended  to  give  a  more 
wet  looking  binder  surface,  with  very  small  holes  in  the  binder  surface. 

d)  The  sample  with  coarse  aluminum  showed  very  little  accumulated 
aluminum  on  the  surface,  localized  only  to  individual  pockets,  containing  4-10 
particles. 

The  reader  is  reminded  that  the  description  of  the  sample  surface  may  reflect 
changes  that  took  place  during  quench.  It  seems  likely  that  the  drier  aluminum 
accumulates  may  detach  during  quench,  and  the  binder  may  experience  some  local 
flow  of  the  molten  surface.  The  holes  in  the  binder  with  HMX  may  be  blown  during 
quench,  and  the  froth  on  the  oxidizer  surface  may  be  disrupted.  These  are  all 
believed  to  be  of  only  moderate  importance  to  surface  appearance,  except  for  the 
possible  detachment  of  accumulates  in  transition  (which  limits  their  observation  to 
the  relatively  f>oor  resolution  obtainable  from  the  combustion  photography). 

Discussion 

The  results  indicate  the  relevance  of  the  early  comments  on  propellant 
microstructure  to  the  formation  of  surface  accumulates  and  agglomerates. 
Pocket-forming  oxidizer  particle  blends  form  agglomerates  of  pocket  size.  In  this 
respect,  the  presence  of  a  moderate  amount  of  fine  AP  does  not  prevent  pocket 
size  accumulates,  but  apparently  aids  ignition  of  aluminum  enough  to  give 
somewhat  more  vigorous  inflamation  and  burning.  Using  fine  aluminum  seems  to 
have  aided  sintering,  which  in  turn  led  to  some  very  large  agglomerates,  a  behavior 
that  was  not  prevented  by  presence  of  fine  oxidizer.  The  presence  of  aluminum 
accumulations  in  the  middle  of  oxidizer  burning  surfaces  has  been  observed  in 
previous  studies  (Ref.  11,  24,  36),  and  is  believed  to  result  from  a  failure  of  the 
pocket  accumulation  to  ignite  at  the  time  of  transition  as  the  underlying  surface 
passes  from  binder  to  an  underlying  oxidizer  particle.  This  is  consistent  with 
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observations  reported  in  earlier  sections  regju'ding  survival  of  accumulates  on 
oxidizer  surfaces.  In  general,  this  type  of  behavior  is  more  common  under  the 
unfavorable  ignition  conditions  at  low  pressure.  Of  particular  importance  is  the 
effect  of  filiing  the  "pockets"  with  oxidizer  particles  large  enough  to  displace  the 
aluminum  into  thinner  "sponge"  elements  of  binder,  oxidizer  particles  large  enough 
to  deflagrate  on  the  surface  like  the  larger  particles.  This  leads  to  a  more  tenuous 
filigree  of  aluminum  accumulation,  that  forms  in  close  proximity  with  hot  oxidizer- 
binder  flamelets.  The  result  is  relatively  small  and  vigorously  burning 
agglomerates. 
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COMBUSTION  OF  HIGH  ALUMINUM  CONTENT  SOLID  PROPELLANTS 

Most  rocket  propellants  with  aluminum  as  a  fuel  ingredient  contain  12  -  18% 
cduminum.  Motor  performance  calculations  generally  indicate  that  optimum 
performance  would  be  obtained  at  a  higher  aluminum  content,  and  pvticularly  so  in 
volume-limited  applications  where  high  propellant  density  is  cdso  advantageous.  In 
addition,  there  is  some  indication  that  high  aluminum  content  reduces  susceptibility 
to  detonation.  However,  there  are  problems  with  high  aluminum  content  that 
reduce  its  actual  performance,  problems  that  would  have  to  be  minimized  before 
increased  aluminum  would  be  advantageous.  However,  the  seriousness  of  these 
problems  (low  combustion  efficiency  and  high  two-phase  flow  losses  in  the  nozzle 
flow)  has  remained  substantially  unevaluated,  as  have  the  possibilities  of  reducing 
the  problems  by  better  "design"  of  combustion.  Results  and  methods  of  the  present 
research  offered  the  means  to  achieve  improved  combustion  and  control  of  product 
oxide  droplet  size  distribution,  and  an  exploratory  study  was  made.  This  work  was 
reported  in  Ref.  38  and  is  summarized  here. 

Three  types  of  experiments  were  conducted  on  propellants  containing  5  -  35% 
aluminum.  These  consisted  of  high  speed  cinemicrophotography;  microscopic 
studies  of  quenched  burning  surfaces;  and  microscopic  and  chemical  analysis  of  the 
efflux  from  the  burning  surface  (quench-collected  in  ethanol  at  various  distances 
from  the  burning  surface).  In  order  to  permit  a  large  range  of  propellant 
formulations,  the  propellant  was  simulated  by  one  of  two  different  processes. 

1.  Dry-pressing  powder  mixtures  in  which  polymeric  binder  is  replaced  by 

carnauba  wax  powder. 

2.  Hand  mixing  small  samples  of  conventional  ingredients,  followed  by 

pressing  and  then  curing. 

The  modifications  in  formulation  that  were  tested  .ire  shown  in  the  test  summaries 
in  Fig.  35  to  37.  The  charts  show  a  central  reference  formulation  and  test 
pressure,  and  sequences  of  values  of  different  variables,  changed  one  at  a  time 
from  the  central  reference  condition.  At  least  one  test  was  run  for  each  condition 
in  the  charts. 

A  motion  picture  sequence  is  available  summarizing  the  combustion 
photography.  The  effects  of  test  variables  on  combustion  characteristics  are 
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tabulated  in  Table  7.  Fig.  38  shows  the  effect  of  aluminum  content  on  the  burning 
surface  as  revealed  by  microscopic  examination  of  quenched  samples.  Fig.  39 
shows  typicad  size  distribution  of  aluminum  agglomerates  from  plume  quench  tests 
and  Fig.  40  shows  amounts  of  unreacted  aluminum  remaining  in  plume  quench 
samples  for  various  test  conditions  (indicative  of  combustion  efficiency).  These 
and  other  results  are  presented  in  more  detail  in  Ref.  38.  From  the  combined 
results,  the  following  conclusions  were  drawn  regarding  high  aluminum  content 
propellants. 

1.  Combustion  efficiency  of  aluminum  remains  high  to  25%  aluminum.  It 
is  pressure>dependent  in  the  range  tested,  and  would  apparently  be  better  at 
typical  rocket  motor  pressures  than  in  the  tests  reported  here. 

2.  Burning  rate  tends  to  a  maximum  around  18%  aluminum,  and  the 
brightness  of  the  combustion  field  peaks  at  about  the  same  aluminum  content. 

3.  The  size  of  aluminum  agglomerates  (and  degree  of  agglomeration) 
increase  with  aluminum  content,  especially  above  25%  aluminum.  Other 
indicators  of  slow  combustion  also  follow  this  trend  (burning  rate,  brightness 
of  field,  combustion  efficiency  at  5  cm). 

4.  Severed  measures  for  improving  combustion  were  found  to  be  effective, 
including:  treatment  of  aluminum  powder  to  minimize  agglomeration;  choice 
of  relative  size  of  AP  and  A1  particles  so  as  to  isolate  groupings  of 
accumulating  aluminum  particles  on  the  burning  surface  from  each  other; 
choice  of  propellant  and  motor  conditions  conducive  to  aluminum  ignition 
(particle  size  control,  low  binder  content,  high  pressure). 

5.  An  accompanying  study  (summarized  elsewhere  in  this  report  and  in  ; 

Ref.  7)  shows  that  the  oxide  products  of  burned  agglomerates  consist  of  about 

85%  smoke  particles  ( <  2  m)  and  15%  burnout  residuals  of  agglomerates. 

The  size  of  the  latter  depends  on  the  size  of  the  parent  agglomerate,  and 
increases  with  %  aluminum.  The  size  range  is  5  -  80  ^  m.  With  a  25%  * 

aluminum  propellant,  the  size  could  probably  be  kept  around  10  -25  ^  m  by 
appropriate  choices  of  aluminum  powder  and  of  ingredient  particle  size 
distribution  (this  is  a  "projection").  Flow  effects  may  modify  the  combustion¬ 
generated  sizes. 

6.  Combustion  behavior  appears  to  be  significantly  dependent  on  ^ 

propellant  binder  type,  content,  and/or  distribution  in  the  matrix.  However,  | 
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Tabic  7 

Summary  of  Effect  of  Test  Vartables  on  Combustion  Behavior 
As  Indicated  by  Combustion  Photography 


Behavior 

Variables 

Accumulation 
on  Surface 

Accumulate 
Attachment 
to  Surface 

Ignition 

of  Agglomerate 

Size  of 

Agglomerate 

Effect  of 

Increase  in 
%  Aluminum 

Increases 

Effect  not  clearly 
visible  from 
moviet  teems  to  be 
no  effect.  Oscilla¬ 
ting  sintered  AI 
ino’eases. 

More  agglomerates 
ignite  on  surface 
and  remain  longer 
on  surface. 

Increases 

Effect  of 

Increase  in 

Pressure 

Decreases 
but  the  effect 
is  not  significant 
between  1000  ft 

1)00  pai. 

At  low  pressure 
stays  attached 
and  glosra  red. 

Effect  vanishes 
with  pressure. 

No  significant 
variation.  Mostly 
surface  ignition. 

Decreases,  but  not 
significantly  bettveen 

1000  ft  1300  psi. 

Effect  of 

Increase  in 
Aluminum 

Particle  Size 

Ino'eaaes 

Stays  attached 
to  the  surface 
longer}  and  with 

9i  urn  particle 
intensively. 

Ipitlon  in  the 
gas  phase  to 
surface  ignition 
mostly. 

Increases,  but  with 

95  Pm  paiticle  vary 
little  a^omeratlon. 

Effect  of  Pre¬ 
treatment  of  A1 
(pre-oxidlzing  ft 
pre-stretchtatg) 

Decreases 

considerably 

Residence  time 
on  surface 
is  reduced. 

Ignition  mostly 
in  gas  phase. 

Decreases 

significantly. 

Effect  of 

Increase  in 

Oxidizer 

Particle  Size 

Increases 

Could  not  be 
detected  very 
well. 

No  significant 
difference  except 
with  200  Pm  AP 

AI  agglomerates 
were  spewed  in  all 
directions. 

Increases 

Effect  of 

Addition 
of  Fine  AP 

Decreases 

No  significant 
difference,  but 
spewing  of  AI 
in  200  urn  AP 
sample  was  absent. 

No  noticable 
difference. 

Decreases 

Wet  Pressed 

Effect  of  Binder 
(a)  PBAN 

Decreases 
compared  to  wax. 

Not  obaarvable. 

Mostly  surface 
ignition. 

Decreaaes  compared 
to  wax. 

(b)HTPB 

Sample  did  not  bwn  to  completion  (thidmeas  effect)  and  sample 
burned  almeat  Ilka  PBAN  sample  sdian  mads  tsdcc  as  Ihicfc. 

Second  Series 

Effect  of  « 

A1  Increase 
in  HTPB  Series. 

Not  obaarvable  baesuaa  of  bright 
field  of  view  In  all  teats. 

Ignition  mostly 
utar  loaving 
surface  in  all 

Increasas  gradually. 

samplat. 
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Table  7  (Continued) 

Summary  of  Effect  of  Test  Variables  on  Combustion  Behavior 
As  Indicated  by  Combustion  Photography 


Behavior 

Variabies 

Burning  Rate 

Brightness  Near 
Bui^ng  Surface 

Additional 

Remarks 

Effect  of 

Increase  in 
%  Aluminum 

Peaks  between 

IS  &  20K  Al 
loading. 

Peaks  at  IS  and  20% 

Al  loading. 

Amount  of  imbtmcd 

Al  leaving  surface 
increases. 

Effect  of 

Increase  in 

Pressure 

Increases 

gradually. 

Increases 

Amount  of  leibiened 

Al  decreases,  but 
not  very  significantly. 

Effect  of 

Increase  in 
Aluminum 

Particle  Size 

Decreases 

Decreases 

Amount  of  unbumed 
particle  increases 
and  is  considerable 
with  H-»5. 

Effect  of  Pre¬ 
treatment  of  Al 
(pre-oiddizing  & 
pre-stretching) 

Increases 

Increases. 

Pre-oxldized 
gives  higher 
btrnlng  rate. 

Very  iittle  unbumed 

Al  leaving  surface. 

Effect  of 

Increase  on 

Oxidizer 

Particle  Size 

Decreases 

Decreases 

More  unburned 

Al  leaving  surface. 

Effect  of 

Addition 
of  Fine  AP 

Increases 

Increases 

Less  unburned 

Al  leaving  the 
burning  surface. 

Wet-Presssed 
£ifect  of  Binder 
(a)PBAN 

Increases 

Increases 

considerably. 

Less  unbumed 

Al  leaving  surface. 

(b)  HTPB 

Sample  did  not  bum  to  completion  (thlehness  effect),  and  sample 
burned  almost  like  PBAN  sample  tvhan  made  twice  as  thick. 

Second  Series 

Effect  of  « 

Al  Increase 
in  HTPB  Series 

Peaks  between 

ISft  20«  Al 
ksadbig. 

Peaks  about 

20«  Al  loading. 

Very  little 
unbtmad  Al  leaving 
the  surface. 

! 
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this  variable  was  not  adequately  evaluated  because  of  the  improvised  methods 
for  propellant  processing  available  in  the  study. 

In  general,  the  results  suggest  that  combustion  efficiency  can  be  held  to 
conventional  levels  with  aluminum  contents  up  to  about  25%,  provided  propellant 
ingredients  are  tailored  for  that  purpose.  In  the  process,  combustion-generated 
cduminum  oxide  size  distributions  can  be  kept  comparable  to  present  ones.  This 
conclusion  needs  further  support  by  tests  on  propellants  with  conventionad  binders 
and  processing. 


i 

I 


s 
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TASK  IV 

rcx:ket  motor  aeroacoustics 

A.  Research  Objectives 

The  following  were  the  objectives  of  this  Task: 

1.  To  demonstrate  that  the  fluctuating  pressure  field  in  a  rocket 
motor  may  be  Ccdculated  if  the  state  of  the  turbulence  of  the 
interior  flow  is  known. 

2.  To  turn  No.  1  around  and  attempt  to  deduce  some  of  the 
turbulence  structure  from  measurement  of  the  pressure  fluctuation 
field. 

B.  Progress  and  Significant  Accomplishments 
Introduction 


Vibration  of  solid  rocket  motors  occurs  on  a  routine  basis  with  one 
cause,  clearly  identifiable,  being  the  fluctuations  in  chamber  pressure. 
These  fluctuations  will  occur  even  for  stable  motors  because  of  the 
turbulence  of  the  main  flow  in  the  motor.  It  is  desirable  to  keep  the 
vibration  levels  as  low  as  possible  to  avoid  detrimental  interaction  with 
other  components  of  the  vehicle  system.  Moreover,  it  is  desirable  that  the 
vibration  levels  be  predictable  in  order  to  set  rational  design  criteria  for 
the  rest  of  the  system. 

There  are  several  potential  causes  for  interior  pressure 
fluctuations,  but  one  which  has  been  incompletely  explored  is  the 
turbulence  of  the  main  flow.  Several  computational  schemes  for  turbulent 
flow  are  currently  available  to  enable  a  reasonable  estimate  for  the 
turbulence  levels  as  a  function  of  chamber  position,  at  least  with 
propellant  grains  of  simple  geometry.  However,  the  calculation  of  the 
pressure  field,  given  the  velocity  fluctuation  levels,  has  not  been 
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attempted.  It  was  the  purpose  of  this  program  to  enable  calculation  of  the 
pressure  field  and  to  compare  the  calculations  with  measurements. 

Experiment 

Two  primary  pieces  of  experimental  hardware  were  used  in  this 
program,  as  shown  in  Fig.  1.  One  was  a  long  tube,  connected  to  vaccuum, 
terminated  by  a  choked  nozzle.  It  operates  by  sucking  a  flow  into  the  inlet 
and,  by  virtue  of  its  length,  contains  mostly  a  fully  developed  turbulent 
pipe  flow.  The  second  apparatus  is  a  tube,  also  connected  to  vaccuum,  but 
constructed  of  porous  walls  and  closed  at  the  head  end.  This  apparatus 
sucks  in  air  from  the  side  walls  and  exhausts  through  a  choked  nozzle. 
Therefore,  this  system  is  a  rocket  motor  simulator,  which  models  a  center 
perforated  grcun  configuration.  In  this  configuration  the  mass  flow 
distribution  as  a  function  of  axial  length  was  altered  by  taping  discrete 
lengths  of  the  porous  walls. 

Four  different  types  of  mesksurements  were  applied  to  these 
configurations.  They  were 

1.  Multiple  flush  mounted  microphones 

2.  Twin  hot  film  anemometers  mapping  out  space-separated 
correlations  of  axial  velocity  fluctuations. 

3.  Axial  traverses  of  static  pressure  fluctuations  while  driving 
acoustic  waves  in  the  cavity  with  an  acoustic  driver 

Radial  pitot  pressure  traverses  for  both  the  mean  aind 
fluctuating  pitot  pressure. 

The  primary  measurement  was  the  wall  pressure  fluctuation  since 
this  is  a  vibration  source.  The  theory  outlined  below,  however,  relates  this 
wall  pressure  fluctuation  to  the  correlation  of  velocity  fluctuations; 
hence,  the  hot  film  measurements  were  made.  The  axial  pressure 
traverses  under  acoustic  excitation  were  made  because  the  side  wall  and 
end  plane  acoustic  impedances  are  required  in  the  theory.  Finally,  the 
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pitot  pressures  were  measured  for  two  reasons.  First,  mean  velocity 
profiles  were  obtained.  Secondly,  there  was  a  need  to  investigate  the 
connection  between  wall  pressure  fluctuations  and  flow-interior  pressure 
fluctuations. 


Theory 


The  theory  of  aeroacoustics  applied  to  these  configurations  is 
documented  in  Refs.  (1)  and  (2).  Briefly,  it  follows  from  the  Bernoulli 
enthedpy  approach  to  aeroacoustics  which  identifies  two  kinds  of  pressure 
fluctuations.  First,  there  is  a  propagational  acoustic  motion  concentrated 
at  frequencies  centered  about  natural  mode  frequencies,  which  is  driven 
by  the  entire  volume  of  turbulence.  Secondly,  there  is  a  broadband 
pressure  fluctuation  corresponding  to  the  random  vorticity  field,  which  is 
convected  at  roughly  the  flow  velocity.  These  two  fields  are  superimposed 
to  produce  the  overall  pressure  seen  at  the  wall. 

According  to  the  theory,  the  {pressure  field  should  be  roughly 
independent  of  radial  position  for  both  the  propagational  component  and 
hydrodynamic  component  of  the  pressure  field.  As  seen  below,  future 
modifications  of  the  theory  will  be  required  for  the  hydrodynamic 
component  because  there  is  some  problem  with  radial  variation  near  the 
wall  that  is  as  yet  unaccounted  for  by  the  theory. 

The  theory  requires  that  both  axially  and  radially  separated  cross¬ 
correlation  of  axial  velocity  fluctuations  be  known  in  order  that  the 
pressure  field  may  be  computed.  Hence,  such  measurements  were  made. 
The  theory  also  showed  how  to  separate  the  hydrodynamic  and 
propagational  components  of  pressure  by  separating  two  microphones  in 
space.  This  was  also  accomplished  experiment£tlly. 


I 
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Synopsis  of  Results 

Figure  2  shows  three  things  for  the  long  tube  experiment.  First 
there  is  the  pressure  spectrum  at  the  half-radius  point  which  is  deduced  by 
simultaneous  hot  film  and  pitot  pressure  measurements.  Secondly,  there 
is  the  spectrum  of  pressure  measured  at  the  wall  by  a  flush  mounted 
microphone.  Thirdly,  there  is  the  cross  spectrum  of  two  flush  mounted 
microphones  which  are  space-separated  a  distance  which  is  large 
compared  with  a  correlation  length  scale  of  the  turbulence.  This  latter 
measurement  produces  only  the  acoustic  components  of  the  sound  because 
the  broadband  component  is  uncorrelated  at  the  two  space-separated 
positions.  The  peaks  in  this  cross  spectrum  are  at  the  natural  mode 
frequencies  for  longitudinal  oscillations  in  the  tube.  The  wall  spectrum  is 
seen  to  contain  the  acoustic  information  plus  a  broadband  component.  The 
large  surprise  in  the  program,  however,  was  the  discovery  of  the  large 
disparity  between  the  wall  pressure  and  the  interior  pressure  which  is 
dominated  by  broadband  noise,  as  seen  in  Fig.  2.  The  theory,  as  presently 
constructed  would  say  that  the  two  should  agree. 

Calculation  by  the  theory  for  the  long  tube,  after  the  necessary 
acoustic  impedance  measurements  and  turbulence  measurements  were 
carried  out,  show  the  results  of  Fig.  3.  The  theory  falls  in  between  the 
pressure  spectra  measured  at  the  wail  and  that  measured  in  the  interior. 
Moreover,  the  theory  predicts  that  the  acoustic  motions  should  be  seen  in 
the  pressure  spectrum.  They  are  seen  in  the  wall  spectrum  (Fig.  2)  but 
they  are  not  in  the  interior  spectrum.  Similar  results  were  obtained  for 
the  porous  tube  experiments. 

The  fact  that  the  wall  spectrum  was  close  to  the  space-separated 
cross  spectrum  means  that  a)  the  acoustic  motions  are  being  impressed 
faithfully  on  the  wall,  as  expected  but  b)  the  theory  is  deficient  in  the 
discrimination  of  wall  and  interior  pressure  for  the  broadband  component 
of  pressure.  At  the  conclusion  of  the  program  the  reason  for  this 
discrepancy  had  not  been  discovered.  It  is  believed  that  the  neglect  of 
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EXPERIMENTAL  SPECTRUM  AT  HALF  RADIUS 
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Figure  IV- 3.  Comparison  of  theory  and  experiment 
for  the  long  tube  apparatus. 
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viscous  effects  in  the  theory  is  the  culprit  and  future  work  should 
investigate  this  area. 
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